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ABSTRACT OF THE DISSERTATION 
Atmospheric Chlorofluoromethanes as Tracers of Ocean 
Circulation and Mixing: Measurement and Calibration 
Techniques and Studies in the Greenland and Norwegian Seas 
by 
John Logan Bullister 
Doctor of Philosophy in Oceanography 
University of California, San Diego, 1984 
Dr. Ray F. Weiss, Chairman 
The anthropogenic chlorofluoromethanes (CFMs) CC13F and CCl F 2 2 
dissolved in the ocean from the atmosphere are used as tracers of sub-
surface ocean circulation and mixing processes. An analytical system 
was designed and constructed for the rapid and accurate shipboard meas-
urement of these compounds in seawater and in air, using electron cap-
tnre gas chromatography. Measurements were calibrated with gas-phase 
standards, prepared in a specially constructed static dilution apparatus 
to contain CC13F and CC12F2 in the part-per-trillion concentration 
range. 
X 
The distributions of these compounds in the marine atmosphere 
and the water column in the Greenland and Norwegian Seas were studied 
during February and March, 1982. Dissolved CFM concentrations were 
highest in the near-surface layer, and decreased to low levels in deeper 
water, reflecting the greater isolation of the deep water from recent 
air-sea gas exchange. Concentrations of these compounds in the deep 
Norwegian Sea were significantly lower than in the Greenland Sea. Using 
the observed 1982 distribution of these compounds and a modeled history 
of the increase of these compounds in the atmosphere, estimates were 
made of the rates of transport of these compounds into the deep water of 
this region. A box model, which assumes deep convective mixing between 
surface and deep water in the Greenland Sea and lateral mixing between 
the deep Greenland and deep Norwegian Seas, was used to estimate rates 
of deep water formation and exchange. Rates calculated using CFM data 
were compared to rates reported using other tracers (tritium and 
radiocarbon), and those derived using volumetric census techniques. 
Using observations from stations in the Greenland-Norwegian 
Seas, estimates were made of the concentrations of these compounds in 
water exchanging with the deep Arctic Ocean, and in water spilling over 
the sills between Greenland and Scotland and entering the deep basins of 
the North Atlantic Ocean. 
Models of the penetration of· these two compounds into the deep 
waters of this region are used to derive estimates of dissolved oxygen 
utilization rates in deep water, and may be useful in studying the inva-
sion and transport of other substances into the interior of the ocean. 
xi 
CHAPTER ! 
INTRODUCTION 
In the past few years, several studies (Hahne, Volz, Ehhalt, 
Cosatto, Roether, Weiss, and Kromer, 1978; Hammer, Hayes, Jenkins, and 
Gagosian, 1978; Gammon, Cline and Wisegarver, 1982; Gammon and Bullis-
ter, 1982; Bullister and Weiss, 1983) have been made of the vertical 
distributions of the dissolved atmospheric chlorofluoromethanes (CFMs) 
CC13F and CC12F2 in the ocean. These studies have clearly established 
the value of these compounds as time dependent tracers of ocean circula-
tion and mixing. This thesis is concerned with the development of 
improved techniques for the rapid and accurate shipboard measurement of 
dissolved CC13F and CC12F2 in seawater, and the application of these 
techniques to obtain information on subsurface circulation and mixing in 
the ocean. A discussion of the use of CFMs as time dependent tracers is 
given in Chapter I, together with a discussion of the methods used for 
modeling the distribution of these compounds in the atmosphere as a 
function of time. Such models of the atmospheric histories, when com-
bined with studies of the distribution of these compounds in the water 
column, allow quantitative estimates to be made of the rates of penetra-
tion of these compounds into the ocean. Chapter II presents a discus-
sion of the analytical system used to measure CFM concentrations in air 
and water samples, and of the gas blending system developed to prepare 
calibration standards. These improved analytical techniques allow the 
concentrations of these compounds in seawater samples to be determined 
routinely with greater accuracy than has been previously achieved. 
Chapter III presents a discussion of measurements made in the Greenland 
1 
and Norwegian Seas, and gives examples of how CFMs can be used to study 
ocean mixing and circulation processes. This discussion demonstrates 
the usefulness of these compounds for studying the rates of deep water 
formation and exchange, in estimating o2 utilization rates, and in 
determining the relative isolation of different water masses from recent 
air-sea gas exchange. 
In the study of ocean circulation and mixing processes, CFM stu-
dies complement those using other time dependent tracers, such as 14c 
(radiocarbon) and 3H (tritium). There are a number of characteristics 
which make CFMs especially promising as tracers in the ocean. The tech-
nique used for CFM analysis (electron capture gas chromatography) is 
extraordinarily sensitive to these compounds, and concentrations at the 
picomole/kg level (1 picomole = 1 pmol = 10-12 moles) can be routinely 
determined in seawater. CFM sample processing requires much smaller 
water volumes (-30 cc) and can be performed much more quickly (-10 
minutes per sample) than other commonly studied time dependent tracers. 
-Preliminary profiles of CHI concentrations- in the water column 
can be obtained on shipboard within a few hours of the completion of the 
station. Such rapid sample analysis allows interesting features in the 
water column to be studied soon after the completion of the station. 
This information is useful in guiding sampling strategies at subsequent 
stations, and in choosing the depths to collect and process samples for 
other tracers such as 14c and 3H, which require land-based laboratories 
for analysis. 
2 
The atmospheric concentrations of these compounds are relatively 
well mixed within each hemisphere. A gradient in the north-south dis-
tribution of these compounds in the atmosphere has existed since the 
1930's due to the predominance of northern hemisphere (NH) releases, but 
because of rapid mixing between the hemispheres this gradient is rela-
tively small (-10%), and the CFMs serve as almost equally useful tracers 
in either hemisphere. These compounds come to atmospheric solubility 
equilibrium relatively quickly in surface seawater, with equilibrium 
concentrations which are a function of temperature and salinity of the 
seawater and their concentrations in the overlying atmosphere. The 
predictable distribution of the compounds in the atmosphere as a func-
tion of time and the relatively uniform distribution in the surface 
layer of the ocean offer advantages over some tracers which have more 
complex atmospheric distribution and input patterns into the surface 
ocean. 
The uses and advantages of CFMs as tracers in the ocean, and 
methods used to interpret the observed distributions, are discussed in 
detail in later sections of this thesis. 
!. Transient Tracers 
Analysis of the distribution of dissolved chemical substances 
has yielded valuable information on processes occurring in the ocean. 
The three-dimensional distribution of properties such as salinity, oxy-
gen, and nutrients throughout the ocean basins reflects the long term 
balance of processes that may be difficult or impossible to observe 
directly. Measured distributions of these tracers permits detailed 
3 
examination of mean transport pathways and processes occurring in the 
interior of the ocean. 
One interpretive technique is core-layer analysis. Using this 
approach, Wust (1935) studied the intermediate and deep water layers in 
the Atlantic by following the salinity minima and maxima observed in the 
water column. Using temperature and salinity (T-S) relationships, a 
core of such high or low salinity water can be followed as it spreads 
and is diluted by surrounding water types. 
Another technique is isentropic analysis, typically consisting 
of examination of properties along potential density surfaces, either 
referenced to the surface pressure (o0 ), or to deeper reference pres-
sures (Lynn and Reid, 1968). Because, away from boundaries, charac-
teristics spread most readily along density surfaces, it is often possi-
ble to trace flow for long distances into the interior of the ocean. 
Using this technique, Reid and Lynn (1971) have traced the influence of 
Greenland-Norwegian Sea water as it moves through the Atlantic into the 
Pacific and Indian Oceans. This water mass was followed along a refer-
ence potential density stratum extending from the surface in the 
Greenland-Norwegian Sea to great depth in the Pacific and Indian Oceans. 
In another case, the influence of the Mediterranean Sea outflow water 
upon the upper layers of the Norwegian Sea (Reid, 1979) was traced along 
isopycnal surfaces through the Faeroe-Shetland Channel. Temperature, 02 
and Si04 data suggest that Mediterranean Outflow water contributes to 
the water transported northward in this channel. 
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Patterns in the distributions of such tracer fields are presumed 
to reflect the long time-scale circulation patterns in the ocean. In 
addition to reflecting the patterns of mixing and circulation processes, 
time dependent tracers may be used to study the rates of these mixing 
and circulation processes in the ocean. These substances, which include 
14 3 139 90 85 . . C, H, Cs, Sr and Kr, enter primarily at the ocean surface and 
are subsequently carried into its interior. The presence of some of 
these tracers in the ocean and atmosphere is the result of anthropogenic 
activities. Other tracers, for example 14c and 3H, have natural sources 
which have been greatly augmented in the past 40 years by production 
during nuclear weapons testing. 
Each of these substances has characteristic properties (ie., 
time history of release, transport mechanisms, or chemical or biological 
reactivity) that determine its potential usefulness as a tracer of ocean 
mixing processes. Limitations on the usefulness of some of these sub-
stance as tracers can result from inappropriate matches of the decay 
rate of a radioactive compound to the rate of the process to be studied, 
lack of adequate data on the input of these compounds into the environ-
ment, expense of sample collection and processing or inadequate range of 
concentrations over which the measurement can be accurately made in sea-
water. 
The distribution of 14c in the ocean has been used in models to 
estimate air-sea gas exchange rates and ocean mixing rates (Broecker and 
Peng, 1982). The distribution of 14c in the environment has been com-
plicated in recent times by the burning of fossil fuel, which releases 
essentially 14c free C02 to the atmosphere, and by the addition of 
14c 
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to the atmosphere during nuclear weapons testing. The study of 14c 
transport into the ocean is also complicated by differences between the 
rates of isotopic and chemical equilibration of carbon dioxide between 
the atmosphere and ocean. Both stable carbon <12c) and radiocarbon are 
non-conservative in seawater and undergo a complex series of chemical 
and biological reactions in the ocean. 14c is incorporated along with 
12c into the organic material and calcium carbonate shells of many 
organisms that can subsequently sink and transport this isotope through 
the water column. 
Both 39Ar and 85Kr are inert gases which enter the ocean at the 
air-sea interface. 39Ar is formed almost exclusively as a result of 
natural cosmic ray bombardment of the atmosphere and its distribution in 
the environment should be essentially at steady state. The half-life of 
this isotope (-280 years) makes it a potentially useful tracer for the 
study of the rate of ventilation processes in the deep interior of the 
oceans. However, due to the low levels of this isotope in the environ-
ment, huge seawater samples (hundreds of liters) are required to obtain 
a sufficient quantity of 39Ar for analysis. Even from such large water 
samples, the activity of the 39Ar in the extracted gas is extremely low, 
and counting is difficult and time consuming (Craig, Kim, Loosli, Weid-
man, and Kalt, 1983). The half life of 85Kr (-10.6 years) is well 
suited for studies of processes on a decadal time scale. The accumula-
tion of this isotope in the atmosphere as a result of release during 
nuclear weapons testing and nuclear power plant operations has been mon-
itored for the past three decades (Rozanski, 1979). Recent studies have 
demonstrated the feasibility of measuring this substance in seawater 
6 
(Craig, Kim, Loosli, and Oeschger, 1981; W. Smethie, personal communica-
tion), although, as with 39Ar, hundreds of liters of water must be pro-
cessed to collect an adequate 85Kr sample for analysis. The difficulty 
of collecting and processing 85Kr samples at present limits the practi-
cality of using this substance routinely as a tracer of finescale or 
mesoscale features in the ocean. 
A number of studies of the distribution of 3H in the oce·an have 
been made. As with 14c, tritium has a small natural source in the 
environment which was greatly augmented during the period of extensive 
nuclear weapons testing programs. Its short half-life of 12.45 years 
makes it very useful for the study of processes occurring on decadal 
time scales. 3H enters the ocean via precipitation and by molecular 
exchange (Weiss, Ostlund, and Craig, 1979), primarily as tritiated 
water. Input of tritium into the ocean was greatest during the early 
1960's before the implementation of the 1963 Nuclear Test Ban Treaty. 
The input function of bomb-produced tritium to the ocean surface is com-
plex and depends strongly on the location and timing of bomb tests, as 
well as on wind and precipitation patterns (Dreisigacker and Roether, 
1978). Nevertheless, early studies have established tritium as a very 
useful tracer for studying ocean mixing and circulation processes (Rooth 
and Ostlund, 1972; Ostlund, Dorsey, and Rooth, 1974). 
Since the cessation of most atmospheric and underwater testing 
of nuclear weapons, the tritium signal in the environment has gradually 
been fading. Recently, new techniques have been developed for measuring 
low levels of tritium in seawater. These techniques involve measuring 
the accumulation of 3He, the daughter product of 3H, in samples stored 
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for a period of a year or more (Clarke, Jenkins, and Top, 1976). This 
technique has allowed the useful range of tritium measurements to be 
extended to regions (ie., deep water and the Southern Hemisphere) which 
have received only a small tritium input (Jenkins, Lott, Pratt, and 
19 3) U . b. d 3 3 Boudreau, 8 . s1ng com 1ne H and He measurements, models have 
been constructed to study mixing processes in the thermocline and to 
estimate 02 utilization rates in the ocean (Jenkins, 1977; Jenkins, 
1980; Jenkins, 1982). 
~- Chlorofluoromethanes 
The two compounds studied in this work, CC13F and CC12F2
, are 
popularly referred to by the DuPont trade names Freon 11 and Freon 12, 
although these compounds have also been produced by other manufacturers 
under other trade names. In industry, a convention has been adopted for 
naming these (and more complex chlorofluoromethanes) which is based on 
the number of carbon, hydrogen and halogen atoms comprising the 
molecule. In this system, CC13F is referred to as F-11, and CC12F2 as 
F-12. This convention will be used in this work. 
In order to model the entry of these compounds into the ocean, 
the distribution of these compounds in the atmosphere as a function of 
time and location must first be estimated. Commercial production of 
chlorofluoromethanes began in the early 1930's. Due to a combination of 
useful physical properties, chemical inertness, low toxicity and low 
cost, a large number of applications have been found for these com-
pounds. Most of the initial commercial use of these compounds was as 
refrigerants. Later, uses were found as blowing agents for plastic 
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foam, solvents, aerosol propellants, etc. (CMA, 1983). In some applica-
tions, such as for aerosol propellants, these compounds are intention-
ally released directly into the atmosphere. In other uses, such as in 
refrigeration systems, most of the release is gradual and occurs as 
losses due to leakage, or during recharging procedures (McCarthy, Bower, 
and Jesson, 1977). 
After release, these volatile compounds are mixed into the tro-
posphere and diluted to extremely low concentrations. Detection of F-11 
and F-12 in the atmosphere was not achieved until several decades after 
commercial production had begun. The development of the electron cap-
ture detector (ECD) as an analytical tool has led to studies of the fate 
in the environment of these and other compounds, such as chlorinated 
pesticides, PCB's, etc. The sensitivity of this detector to halogenated 
hydrocarbons enabled these compounds to be detected in sub-picomole 
amounts. 
In 1971, Lovelock (1971) reported detecting the presence of F-11 
in air. Lovelock, Maggs, and Wade (1973) measured the latitudinal dis-
tribution of this compound between 40°N and 60°S in both the atmosphere 
and surface water of the Atlantic. These workers noted the potential 
value of such compounds as inert tracers of atmospheric and ocean mixing 
and commented "The presence of these compounds constitutes no 
conceivable hazard." 
Concern over the release of CFMs into the environment increased 
dramatically Molina and Rowland (1974) and Cicerone, Stolarski, and 
Walters (1974) postulated that reactions involving these compounds could 
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lead to the depletion of stratospheric 03 (ozone). Due to the inertness 
of F-11 and F-12 in the troposphere, these compounds accumulate there 
and are gradually carried upward and mixed into the stratosphere where 
they are exposed to high energy ultraviolet (UV) light. Under such con-
ditions, F-11 and F-12 undergo photolysis and produce highly reactive 
chlorine free radicals. These free radicals can undergo a series of 
reactions in the stratosphere which eventually lead to the catalytic 
destruction of 03 • Reduction of the stratospheric ozone layer would 
lead to greater penetration of UV light to the earth's surface. Expo-
sure to increased levels of UV light leads to deleterious biological 
effects, including·an increase in the incidence of human skin cancer 
(NAS, 1976). Disagreements over the benefits and potential risks of 
large-scale CFM usage led to intense debate (Dotto and Schiff, 1978), 
and regulations restricting the use of CFMs for certain purposes were 
enacted in the USA in the mid 1970's. 
Recently, it has been hypothesized that the presence of CFMs in 
. atmosphere may contribute to the warming of the earth's atmosphere 
(Ramanathan, 1975) through the trapping of infrared radiation. The 
"greenhouse effect" predicted for CFMs would be in addition to that 
predicted from the increases in other trace gases such as C02 , N2o and 
CH4 • A number of studies have been undertaken to improve our under-
standing of the chemistry of CFMs in the upper atmosphere, and to refine 
estimates for the extent of stratospheric ozone depletion under various 
CFM release scenarios (NAS, 1984). 
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~-! The History of CFM Production and Release 
~!easurements of the concentration of F-11 and F-12 as a function 
of latitude and time are available only from the early 1970's. Prior to 
that period, estimates for the F-11 and F-12 concentration in the atmo-
sphere must be based on production and release data. The Chemical 
Manufacturers Association (C~!A) has collected data on total annual pro-
duction of F-11 and F-12 for the period of 1930-1982 (CMA, 1983). These 
data are updated annually and combine information provided by major CFM 
manufacturing companies with estimates of production from non-reporting 
companies and eastern-bloc countries, which do not release such statis-
tics. The annual and cumulative totals for release of these compounds 
into the atmosphere are based on these production and sales data and on 
estimates for the time delay between production and eventual release of 
these compounds (McCarthy et al., 1977; CMA, 1983). The estimated delay 
between production and release is short for some uses (open cell foams, 
aerosol propellants) and longer for others (closed cell foam, hermeti-
cally sealed refrigeration systems). Tables have been produced (CMA, 
1983) which list estimated annual and cumulative production and release 
figures for the period 1930-1982. 
~-~ The Distribution of CFMs in the Atmosphere 
Due to rapid intra-hemispheric mixing processes and the long 
residence times of these compounds in the troposphere, F-11 and F-12 are 
relatively well-mixed in each hemisphere, especially in regions remote 
from industrial and population centers (Prinn, Simmonds, Rasmussen, 
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Rosen, Alyea, Cardelino, Crawford, Cunnold, Fraser, and Lovelock, 1983). 
The presence of lar_ge local sources may cause CFM concentrations in 
urban areas to show large fluctuations over short time scales. Examples 
of large variations in F-11 concentration occurring over periods of a 
few days have been reported in remote Northern Hemisphere (NH) locations 
such as the North Atlantic (Wilkness, Swinnerton, Lamontagne, and Bres-
san, .1975) and in Adrigole, Ireland (Pack, Lovelock, Cotton, and 
Curthoys, 1977). Such short term variability may be correlated with 
transport of air masses originating in highly industrialized regions 
such as western Europe (Lovelock~ al., 1973; Pack~ al., 1977). 
Data collected on cumulative sales of F-11 and F-12 in the NH 
and Southern Hemisphere (SH) for the period 1930-1982 (CMA, 1983) indi-
cate that approximately 95.8% of all sales of F-11 and 94.6% of all 
sales of F-12 for that period occurred in the NH. Estimates of Hyson, 
Fraser, and Pearman (1980) that approximately 93.5% of F-11 release has 
occurred in the NH are in good agreement with the CMA sales data. 
Inter-hemispheric mixing across the Inter-Tropical Convergence Zone 
(ITCZ) is slower than intra-hemispheric mixing. Based on a variety of 
tracer data, estimates of the exchange time between the hemispheres have 
ranged from about 0.7-4 years (Czeplak and Junge, 1974) with most values 
around one year. Due to the predominance of NH release of these com-
pounds, a gradient in CFM concentration exists between the NH and SH. 
Since release in the NH has dominated SH release throughout the period 
1930-1982, a NH-SH gradient in F-11 and F-12 concentration would have 
been maintained throughout this period. 
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In the early and mid 1970's, several studies were made of the 
meridional distribution of CFMs in the troposphere (Lovelock~ al., 
1973; Wilkness et al., 1975). The relationship of F-11 distribution in 
the atmosphere to release patterns, inter-hemispheric exchange times, 
and atmospheric lifetimes has been discussed by Chang and Penner (1978). 
From the observed inter-hemispheric gradients, these workers have 
modeled the meridional distribution of F-11 in the troposphere. In 
their model the release of F-11 is fit to a series of exponential func-
tions, and all release is assumed to have occurred in the NH. Based on 
F-11 distribution data, an exchange time of about 1-2 years is estimated 
using this model. The NH/SH ratio of F-11 concentration is calculated 
as a function of time for several estimates of inter-hemispheric 
exchange rates. The calculated NH/SH concentration ratio is greatest 
when slow inter-hemispheric mixing rates are assumed and nearest to 
unity when there is rapid mixing between the hemispheres. During 
periods of slower rates of increase of these compounds in the atmosphere 
(i.e. the period after 1975 when the ratio of annual release/total 
atmospheric burden has decreased) the model predicts that the NH/SH 
ratio should become closer to unity. 
~-1 Global Monitoring Programs 
Since the mid-1970's, programs for monitoring the concentrations 
of F-11 and F-12 (and other halogenated compounds) in the atmosphere on 
a global basis have been initiated. Results have been reported from a 
number of monitoring stations, which include the South Pole and Pacific 
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Northwest (Rasmussen, Khalil and Dalluge, 1981), Australia and Tasmania 
(Fraser, Hyson, Enting, and Pearman, 1983), and global networks such as 
the Geophysical Monitoring for Climate Change (GMCC) program and the 
Atmospheric Lifetime Experiment (ALE). A summary of recent ALE results 
for measurements of F-11, F-12, and other trace species in the atmo-
sphere, as well as discussions of the relationships of the observed dis-
tributions to release patterns, lifetimes, and atmospheric mixing is 
given in a series of recent ALE papers (Prinn et al., 1983; Rasmussen 
and Lovelock, 1983; Cunnold, Prinn, Rasmussen, Simmonds, Alyea, Cardel-
ino, Crawford, Fraser, and Rosen, 1983a; Cunnold, Prinn, Rasmussen, Sim-
monds, Alyea, Cardelino, and Crawford, 1983b). 
These studies have recorded in detail the increases in F-11 and 
F-12 concentrations on a global basis, as well as the changes in the 
NH/SH gradients of these compounds as a function of time (Rasmussen et 
al., 1981). Such changes can be compared with those predicted by vari-
ous models using the CMA release data for the same period. A primary 
goal of the ALE program is to set limits on the rates of removal of 
these compounds from the atmosphere and to compare these rates to the 
lifetimes predicted for these compounds from stratospheric photolysis 
models. Cunnold, Alyea, and Prinn (1978) contrast two techniques for 
estimating the atmospheric lifetimes of F-11 and F-12, utilizing data 
from a global network of stations. The first technique examines meas-
ured atmospheric trends from a global network of monitoring stations 
over a baseline period of several years. The second technique compares 
the measured global atmospheric burden at a fixed point in time to the 
cumulative amounts predicted up to that point from production and 
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release data. The advantages of the first technique are discussed by 
Cunnold et al. (1978) in light of uncertainties in CFM release rates, 
accuracy of absolute calibration scales, etc. 
As a result of these monitoring programs, the recent history of 
the distribution of F-11 and F-12 in the atmosphere and the rates of 
increase are known relatively well. In 1979, based on measurements made 
at the ALE monitoring network, the annual average NH concentration of 
F-11 (175 ppt) (1 ppt = 1 part-per-trillion) reported by Prinn et al. 
(1983) was about 15 ppt higher than the SH average. The annual average 
F-12 concentration (296 ppt) in the NH was about 22 ppt higher than that 
in the SR. The NH/SH difference in concentrations of each compound in 
1979 was of similar magnitude to the annual rate of growth of that com-
pound in the atmosphere at that time. 
Such global monitoring programs have provided important checks 
on known sinks for these compounds and have improved our understanding 
of atmospheric transport processes. The continuation of such programs 
should provide a reliable data base for studying changes in the distri-
bution of these compounds in the atmosphere and should improve our abil-
ity to estimate their uptake by the oceans. 
~-! The Modeled History of f-11 and f-12 in the Atmosphere 
To interpret quantitatively the history of F-11 and F-12 in the 
surface layer of the ocean at at a particular site, the accumulation of 
these compounds in the overlying atmosphere as a function of time at 
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that location must be calculated. The trends in atmospheric concentra-
tions of F-11 and F-12 as a· function of time can be estimated from the 
CMA (1983) reports by integrating the release· data on a yearly basis 
after applying a correction for losses from stratospheric removal 
processes. After 1975, modern atmospheric monitoring programs provide 
detailed data on the rate of increase of these compounds in the atmo-
sphere. The trends in atmospheric F-11 and F-12 concentrations derived 
from the CMA data prior to 1976 can be combined with the measured global 
trends from 1976-1982 (Rasmussen et al., 1981; Prinn et al., 1983) to 
provide an estimate of the trends in atmospheric concentrations from 
1930-1982. The global trends calculated in this manner can be normal-
ized to the 1982 measurements of atmospheric concentrations made at a 
particular location to obtain the history of atmospheric concentrations 
as a function of time. 
An example of the calculated concentrations of F-11 and F-12 as 
a function of time over the Greenland-Norwegian Sea (GNS) from 1930-1982 
is shown in Fig. 1. The trends in F-11 and F-12 concentration were nor-
malized to concentration measurements made in the GNS during the ~.§.§. 
Hudson 82-001 expedition in February and March 1982. In calculating 
these trends, an atmospheric lifetime of 50 years for F-11 and 90 years 
for F-12 was used to correct the CMA release data for stratospheric pho-
tolysis losses during the period 1930-1975. The use of normalized 
atmospheric concentration data for the period 1976-1982, rather than 
actual concentrations reported by the ALE program, allows the data to be 
converted to the same calibration scale used in this study for measure-
ments in the GNS. Intercalibration studies indicate that discrepancies 
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Figure 1. Modeled atmospheric concentrations of F-11 and F-12 over 
the Greenland and Norwegian Seas. 
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of several percent may exist between the calibration scale used in the 
ALE program and that developed for this work (see Chapter II). 
In Fig. 2 the natural logarithm of the F-11 and F-12 levels (in 
ppt) shown in Fig. 1 is plotted as a function of time. From this figure 
it can be seen that the concentrations of both F-11 and F-12 increased 
in the atmosphere at quasi-exponential rates from the 1930's to the mid 
1970's. From the mid 1970's to the present, the rates of increase of 
F-11 and F-12 have slowed. The ratio of F-11/F-12 in the atmosphere as 
a function of time is plotted in Fig. 3. The ratio of the atmospheric 
concentrations of F-11/F-12 has been increasing for most of the 1940-
1976 period. Since about 1977, the F-11/F-12 ratio in the atmosphere 
has remained almost constant. 
~·i Errors in Estimating the Atmospheric Input Function 
There are a number of assumptions used in the above method for 
re-constructing the atmospheric history of the concentrations of these 
compounds at a particular location. The model assumes that the spatial 
distribution of sources of CFM release to the atmosphere has not changed 
significantly with time and that the temporal trend in CFM increase at a 
particular location tracks that of the atmosphere as a whole. Errors 
involved in estimating the global average trend in CFM concentration 
from trends measured at fixed stations are discussed by Cunnold et al. 
(1978) and are probably of the order of a few percent for the period 
1976-1982. Another possible source of error is that the average atmos-
pheric concentration for a particular region may not be adequately 
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represented by a limited number of measurements made over a short time 
period. Such measurements may be biased by short term fluctuations 
(occurring over periods of days or weeks) or seasonal effects. A small 
seasonal effect on the latitudinal gradients of F-11 and F-12 in the 
troposphere is predicted by box models (Hyson et al., 1980). Short term 
variability, due to transport of air masses from industrial areas, may 
be a more significant problem~ especially in areas near strong sources 
of CFM release to the atmosphere. The F-11 and F-12 concentrations in 
the near surface atmosphere of the GNS, to which the atmospheric trends 
are normalized in Fig. 1, represent an average of approximately 60 air 
sample analyses collected over a period of six weeks. The sample stan-
dard deviations from the average of concentration measurements (F-11 = 
196± 8 ppt, F-12 = 346± 6 ppt) indicate that there was very little vari-
ability in this region during this period and that these averages are a 
reasonably good representation of average F-11 and F-12 concentrations 
over the Greenland-Norwegian Sea at this time. These concentrations 
agree to within a few percent with CFM values extrapolated from measure-
ments made at the closest ALE station (Adrigole, Ireland) about six 
months earlier (Prinn £1 al., 1983). Errors in estimating the time 
trends of F-11 and F-12 concentrations from 1976-1982 in the Greenland-
Norwegian Sea from measurements made during the Hudson 82-001 expedition 
and from extrapolating reported global trends to this location are prob-
ably of the order of a few percent. 
Models of the atmospheric history of CFMs using release esti-
mates are sensitive to the lifetimes assumed for these compounds. If a 
lifetime of 50 years is assumed for F-11, and 90 years for F-12, for 
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example, then approximately 13% of F-11 and 9% of all F-12 released 
(CMA, 1983) during the period 1930-1975 have been removed by photolytic 
processes by 1975. Applying other values for the atmospheric lifetimes 
of F-11 and F-12 to correct the CMA release data would alter the calcu-
lated atmospheric trends for these compounds (Rowland, Tyler, Montague, 
Makide, 1982) 
For the period before global atmospheric monitoring programs, it 
is difficult to determine the errors in the estimates of annual global 
F-11 and F-12 concentrations from CMA release data. In the original 
study, McCarthy et al. (1977) estimated that their production data were 
accurate to about 5%, and that their annual release data were probably 
accurate to within about 10%. Cumulative release data for 1976 (CMA, 
1981) have been examined by Rowland et al. (1982). The atmospheric bur-
den of F-12 in 1976, calculated from atmospheric measurements at that 
time, agrees within 3% with that calculated from the CMA release data 
after correction for stratospheric removal processes. Although not 
detectable from the accumulated totals in 1976, individual year to year 
errors in release and accumulated totals within that period (1930-1975) 
may be substantially higher and are more difficult to estimate. 
The annual average global atmospheric increases of F-11 and F-
12, obtained from the trends reported from the networks of monitoring 
stations for the period 1976-1982, are probably accurate to within a few 
percent. Measured trends can be used to check the consistency of C~!A 
release scenarios for the same period. Using data collected at monitor-
ing stations, Hyson et al. (1980) and and Rowland et al. (1982) have 
compared the observed distributions of CFMs as a function of latitude 
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and time directly to the C~!A release data for the same period. Hyson~ 
al. found that the measured rate of atmospheric increase of F-11 between 
January 1977 and December 1978 was about 8% greater than that predicted 
from C~ release data. Rowland et al. (1982) have compared the observed 
F-12 distribution in the atmosphere from 1975-1979 to that modeled using 
several release scenarios~ inter-hemispheric mixing rates and estimates 
of atmospheric lifetimes. The observed change in the NH/SH ratio 
(Rasmussen et al., 1981) and the observed rates of increase during this 
period are inconsistent with the model results using the ~ 1980 
release data. Analysis of the atmospheric data indicate that maximum 
release of F-12 occurred four years later than that reported by C~ 
(1981) and that actual release during the period 1976-1979 may be 35% 
higher than that estimated in the C~ (1981) rep.ort. Between 1976 and 
1980 the discrepancy between the measured atmospheric burden of F-12 and 
that calculated from c~ release data has increased from about 3% to 
about 10%. 
The most recent report (C~, 1983) includes revised estimates of 
higher rates of production and release of these compounds in the USSR 
and eastern Europe for the period 1950-1982. A term has been included 
for release of F-11 and F-12 immediately after manufacture due to losses 
during in-plant filling operations. Adjustments have been made in the 
procedure for calculating the release rates of CFM from refrigeration 
systems. The C~ (1983) report concludes that additional modifications 
of earlier release data may be made at a later date as techniques for 
estimating production and release rates are refined. 
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In summary, models of the history of CFM concentrations in the 
atmosphere, as re-constructed from release data, concentration measure-
ments, and models of transport and removal processes are subject to some 
uncertainty. This uncertainty is probably greatest for the period 
1930-1975, prior to the onset of atmospheric monitoring programs. From 
1976-1982, a period during which the CMA (1983) estimates that F-11 and 
F-12 release equaled about 40% of the entire period 1930-1982, errors in 
annual average F-11 and F-12 atmospheric concentration are probably on 
the order of a few percent. Models of the atmospheric history of CFMs, 
such as shown in Fig. 1, provide an imperfect, but very useful, data 
base on which to examine the history of these compounds in the atmo-
sphere and their penetration into the oceans. 
In the mixed layer of the ocean, dissolved gases such as N2 and 
02 typically have exchange times with the overlying atmosphere of a 
month or less (Broecker and Peng, 1974). F-11 and F-12 should show 
similar behavior in the mixed layer (Broecker and Peng, 1982). The 
increase in atmospheric concentrations of these compounds should be 
closely tracked by a similar rises in dissolved concentrations in the 
surface layer of the ocean. 
At equilibrium, the concentration of non-reactive gases in sur-
face seawater can be calculated from the atmospheric concentration and 
the solubility coefficient of the gas, which is a function of tempera-
ture (T) and pressure (P). To evaluate the degree of saturation of 
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these compounds in the surface layer, accurate solubility data are 
essential. Unfortunately, there are only limited data for the solubil-
ity coefficients of these gases over the range of temperature and salin-
ity (S) found in the ocean (Hunter-Smith, Balls and Liss, 1983; 
Wisegarver and Cline, in press). Measurements of the solubilities of 
these compounds as a function of T and S now being made in our labora-
tory (M. Warner, personal communication) should allow the extent of 
equilibration of surface seawater samples with the overlying atmosphere 
to be evaluated more accurately. 
~·1 Advantages and Disadvantages of CFMs ~ Tracers in the Ocean 
There are a number of advantages in using CFMs to study ocean 
mixing and circulation. The amount of water required to flush and fill 
a CFM sample container is small ((250 cc). CFM samples can be collected 
along with routine samples such as for salinity and oxygen determina-
tions from a single five or ten liter sample bottle. Using the tech-
niques described in Chapter II, quantities of F-11 and F-12 as small as 
0.2 femtomoles (1 femtomole=10-15 moles) can routinely be extracted and 
measured in a 30 cc seawater sample. This puts CFM analysis among the 
most sensitive of all techniques presently available for measuring non-
radioactive substances in seawater. Shipboard processing of water sam-
ples for 85Kr extraction is complex and labor intensive. Analysis of 3n 
or 85Kr samples collected at sea must be performed later in land based 
laboratories. Several months or longer is often required before results 
are available for study. In contrast, the analytic equipment required 
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for CFM analysis is relatively inexpensive and can be operated on ship-
board. Preliminary results can be obtained within hours of sample col-
lection. 
The increases in the atmospheric concentrations of these com-
pounds, with a characteristic doubling time of about ten years dating 
from the 1930's, makes them suitable for studying ocean processes occur-
ring on this time scale. These compounds are distributed much more uni-
formly and predictably in the surface layer of the ocean than tritium. 
The NH-SH gradient in F-11 and F-12 is also smaller and better-known 
than that of tritium. 
It has been suggested (Hammer et al., 1978) that significant 
input of F-11 and F-12 into the ocean in some areas (i.e. the Gulf of 
Maine) may occur as the result of river runoff. This may be an impor-
tant source in restricted areas contaminated by industrial releases, but 
on a global basis, this source should be relatively small. Surface 
water contaminated in such ways should re-equilibrate with the atmo-
sphere on a one month time scale by air-sea gas exchange (Broecker and 
Peng, 1982). 
CFMs are believed to be totally derived from anthropogenic 
sources (Lovelock, 1971; NAS, 1976). Little is known of the reactivity 
of F-11 or F-12 in seawater. In the upper atmosphere, these compounds 
are slowly photolyzed by high-energy UV light. Such light is effec-
tively blocked from penetrating into the troposphere, and is also 
strongly absorbed in the ocean (Jerlov, 1950). Hydrolysis reactions 
involving F-11 and F-12 in the ocean at normal temperatures are probably 
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very slow. Very few examples of the formation of C-F bonds by organisms 
have been reported (W. Fenical, personal communication), and biological 
production of F-11 or F-12 is unlikely. Uptake of F-11 and F-12 by 
organisms is possible, although the low level of metabolic activity in 
water below the euphotic zone, combined with the difficulty of breaking 
C-F bonds in these compounds, should make any uptake extremely slow. It 
is extremely unlikely that, on decadal time scales, F-11 and F-12 are 
consumed or produced in seawater. Experiments to determine rates of 
decomposition of F-11 and F-12 in seawater under typical conditions 
found in the ocean may prove to be difficult and time consuming, but may 
still be useful in setting limits on reaction rates. 
Perhaps the most serious obstacle to the successful use of F-11 
and F-12 as ocean tracers is the problem of sample contamination. Sam-
ple contamination is not unique to CFMs, and can occur during collection 
and analysis of samples for most other tracers. The problem with CFM 
studies can be especially severe, however, because these compounds are 
often released into the shipboard atmosphere in kilogram quantities dur-
ing a cruise. Although such leaks are often considered routine losses 
during normal operation and maintenance of shipboard refrigeration and 
air-conditioning systems, they are enormous when compared to the femto-
mole quantities of CFM typically present in seawater samples. During 
the Hudson 82-001 expedition, F-12 concentrations in lab air were often 
200 times ambient clean air levels. On shipboard, constant vigilance 
must be maintained to insure that CFM leaks or releases are kept to a 
minimum, especially in the water sampling area and analytical labora-
tory. Water samples are most vulnerable to contamination during 
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transfer processes, so techniques must be chosen to minimize air contact 
during such processes. Storage containers must be carefully chosen to 
minimize contamination of F-11 and F-12 due to desorption of these com-
pounds from container walls, G-rings, etc. Significant differences have 
been observed in blank levels from samples collected in various Niskin 
PVC sample bottles, Gerard Barrels, etc. The monitoring of blank levels 
is essential for obtaining useful data, especially in water samples 
where CFMs are present at low levels. A discussion of experiments per-
formed to study sample contamination problems and to estimate blank lev-
els is given in Chapter II. 
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1. Overview 
CHAPTER II 
TECHNIQUES 
A chlorofluorocarbon analytical system (CAS) was constructed to 
extract F-11 and F-12 from samples, and to inject these compounds into a 
gas chromatograph for analysis. The design of this CAS was modified 
from a CFM analytical system described by Gammon et ~. (1982). This 
modified design significantly improved the chromatographic separation of 
the compounds, lessened sample contamination during transfer and pro-
cessing, and increased the overall accuracy and speed of the CFM meas-
urements. A brief summary of the major features of the most recent 
design of the CAS is given in Section 1.1, with details of the design 
specifications of the CAS and the procedures followed during sample 
preparation and processing given in subsequent sections. Section 2.3 
describes the differences between this system and an earlier version 
used to make CFM measurements on the Hudson 82-001 expedition. 
1.1 A Summary of the Analytical System 
A schematic diagram of the most recent design of the CAS is 
shown in Fig. 4, with the valve positions shown for stripping and col-
lecting CFMs fr.om a water sample. This system uses a special two com-
ponent trap developed to quantitatively collect the F-11 and F-12 
extracted from samples. This trap does not require the extremely low 
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Figure 4. The Chlorofluoromethane Analytical System (CAS). Valve positions shown are for 
stripping and collecting CFMs from a water sample. 
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temperatures (-78°c or colder) needed by earlier systems to hold the 
more volatile F-12. The ability to trap CFMs without dry ice or liquid 
nitrogen eliminates one of the logistical problems encountered in making 
CFM measurements on shipboard during long cruises or in remote regions. 
Valco valves, enclosed in purge housings, are used for switching gas 
flows in the CAS. The housings are flushed continuously with a stream 
of purified gas, providing a CFM free environment around the valve 
bodies. This reduces the amount of lab air, often contaminated with 
high levels of CFMs, entering the system and thus decreases CFM blank 
levels. In the CAS, the valves in contact with seawater or water vapor 
are constructed of Hastelloy C, an alloy that is more corrosion-
resistant than stainless steel in the anoxic environment of the CAS. 
All tubing connections to these valves that are exposed to seawater or 
moisture are constructed of 3.2 mm OD titanium tubing that is similarly 
corrosion resistant. Several electrically actuated valves, controlled 
by a Spectra-Physics 4100 (SP4100) electronic integrator, are installed 
in the system. These automated valves improve the reproducibility of 
the analyses, and lessen the tedium of sample processing. 
In the CAS, gas samples (air, standard, or blank), held in the 
gas sample loops (GSLs) are carried into the cooled trap by a flow of 
gas (stripper gas). For seawater analysis, the stripper gas is bubbled 
(purged) through the sample, and the dissolved gases are carried by this 
stripper gas stream to the trap. The trap retains a number of com-
pounds, including F-11 and F-12, while allowing the stripping gas, as 
well as other gases from the sample, such as 02 and N2 , to pass through. 
After the F-11 and F-12 are transferred to the trap, the stripper gas is 
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diverted past the trap, and the trap is heated. A separate stream of 
gas (carrier gas) is then directed into the trap in the reverse direc-
tion (backflushed) from the path followed by the stripper gas in the 
trap, as is shown by the valve positions in Fig. 5. The F-11 and F-12 
are eluted from the trap by this stream into a short pre-column, where 
they are separated from more-slowly eluting components, and then pass 
into the separating column of the gas chromatograph (GC). After the F-
11 and F-12 are transferred into the GC column, the flow pattern through 
the pre-column is reversed. Processing of the next sample can begin 
while the F-11 and F-12 pass through the GC column into the ECD, and the 
slowly moving compounds in the pre-column are backflushed and vented. 
Total processing time for each sample is about ten minutes. 
~. Details of !he Analytical Procedure 
~-1 The Chlorofluoromethane Analytical ~tem (CAS) 
The F-11 and F-12 extracted from samples are separated on a GC 
column, which consisted of 3 m of 80/100 mesh Porasil C in a coiled 3.2 
mm OD stainless steel (SS) tube, held in the GC oven at 70°c. Analysis 
of the F-11 and F-12 was made on a gas chromatograph equipped with an 
ECD. In an ECD, molecules in a gas stream flowing through the detector 
cell are ionized by electrons emitted from a radioactive source. When a 
potential is applied across the electrodes in the ECD cell, a current 
(normally a few nano-amperes or less) flows through the cell. As the 
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Figure 5, The Chlorofluoromethane Analytical System (CAS). Valve positions shown are for 
injecting a trapped CFM sample into the gas chromatographic column. 
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molecular composition of the gas stream in the cell is altered by the 
addition of more electron-affinitive compounds7 a change in current is 
detected, amplified, and sent to an electronic integrator or other 
recording device. 
The electron capturing properties of a molecule depend upon its 
composition, and upon the environment within the detector cell. Within 
groups of compounds, such as halogenated hydrocarbons, the efficiency of 
the electron-capturing process can vary over several orders of magni-
tude, and is a function of the molecular structure and the number and 
type of halogens present in the molecule. The presence of trace amounts 
of other compounds (i.e. N20) in the carrier gas can also greatly affect 
the electron capturing properties of some molecules (Sievers , Phillips, 
Barkley, Wizner, Bollinger, Hutte, and Fehsenfeld, 1979). 
The Shimadzu Mini-2 Gas Chromatograph used in this study is 
equipped with an ECD containing a ten mCurie 63Ni foil as a source of 
ionizing electrons. This instrument uses a constant current~ variable 
pulse frequency amplifier. As various electron capturing compounds pass 
through the detector, current flow is maintained at a constant level by 
varying the pulse frequency across the cell's electrodes. This fre-
quency signal from the ECD is converted to a D.C. output, and sent to 
the SP4100 integrator for peak quantification and recording. Modifica-
tions were made in the electronics of the Shimadzu Mini-2 GC to improve 
temperature control, and aluminum blocks were mounted near the ECD to 
increase the thermal mass and improve the temperature stability in this 
region. 
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The flow pattern for the CAS during purging and trapping of CFM 
in water samples is shown by the arrows in Fig. 4. The flow pattern 
during the injection of a trapped CFM sample onto the GC column is shown 
b h · F" 5 Both the carrier and stripper gas streams are y t e arrows 1n 1g. • 
95% Ar and 5% CH
4
, although ultra-pure N2 can be used at some sacrifice 
in F-12 peak resolution. The two streams are split downstream of the 
two-stage pressure regulator,. which reduces the pressure to approxi-
mately 60 psi. The carrier gas flow (-30 co/minute as measured at the 
ECD vent), is adjusted using a separate pressure regulator in the 
Shimadzu chromatograph. Stripper gas flow (normally about 50 co/minute 
as measured at the purge housing vent), is adjusted by using a separate 
Porter model 8286 pressure regulator mounted on the CAS board. 
To remove traces of F-11 and F-12, each stream is passed through 
a 3m length of 6.4 mm OD SS tubing packed with 60-80 mesh Molecular 
Sieve 13X adsorbent (MS13X). These MS13X traps are coiled and wrapped 
with electrical heating tapes (Thermolyne Briskheat, 1.2 m, 280 watts at 
120 volts), and a thermocouple is placed in the coiled tubing to monitor 
temperature. For initial conditioning, water and other compounds are 
removed from the traps by baking for twelve hours at 300°C, using an 
adjustable Variac transformer to control voltage to the heating tapes. 
A flow of several hundred cc/min of gas is used to flush the MS13X traps 
during this period, and the effluent is vented directly to the room. 
After conditioning, the traps are cooled to room temperature, and recon-
nected to the flow system. At ambient temperatures and normal flow 
rates, these columns are very efficient in removing F-11 and F-12, and 
10 detectable quantity of F-11 or F-12 is observed after four minutes of 
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trapping either stream in the cold trap. Under normal usage, these 
~IS13X traps prevent F-11 and F-12 in the supply gas from entering the 
system for a period of from one to two weeks. The gradual elution of 
F-12 from the MS13X traps is usually observed first, and is detected as 
a small baseline shift during the analysis of blanks on the CAS. To 
recondition the MS13X traps, they are heated to 200°C for four to eight 
hours without disconnecting them from the flow system. Retained com-
pounds are eluted from the heated traps rapidly, and are vented through 
the extraction board. After cooling, the re-conditioned MS13X traps 
again produce carrier and stripper gas streams containing no detectable 
blank levels of F-11 or F-12. 
Gas samples to be analyzed for CFMs are introduced into the CAS 
via a Carle model 2025 four port Selector Valve (4PSV). The inlets of 
this valve are connected to four gas sources, and the outlet connected 
to two in-series Val co Model 2C6P gas sample valves (GSV), each contain-
ing a 3.2 mm OD SS gas sample loop (GSL) calibrated gravimetrically by 
filling with water. Each of the inlet gases can be individually flushed 
through the selector valve and into the GSLs on the GSVs. During flush-
ing, the sample stream passes through the GSLs and into an isolation 
coil (a 3 m length of 3.2 mm OD SS tubing) before venting to the atmo-
sphere. The volumes of the two sample loops (large GSL = 3.135 cc, 
small GSL = 0.632 eel allow two sizes of standard gas volumes to be 
introduced into the system. Calibration curves can constructed by 
injecting various numbers of aliquots of standard via the two GSLs. The 
volume of the large GSL has been chosen so that the amount of F-12 
injected in one aliquot of a standard (whose F-12 concentration is close 
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to that of modern air) is in the same range as the amount of F-12 
present in normal-sized (~30 cc) surface seawater samples. 
Four sources of gas samples can be connected to the inlets of 
the 4PSV: a compressed gas cylinder containing calibration standard 
labeled "standard", a ground glass syringe used to inject grab samples 
of air labeled "syringe air", an uncontaminated source of pumped air 
labeled "air", and a source of CFM free gas from the MS13X traps 
labeled "blank gas". Nupro needle valves (Type B-lSA) are used to 
adjust the flow rates of the pumped air, standard, and blank gas streams 
to a uniform rate of approximately 100 cc/min during flushing of the 
GSLs. A number of CFM standards, which consist of known concentrations 
of F-11 and F-12 in air, are stored in Airco Spectra-Seal size 150A 
aluminum cylinders at pressures between 30-130 atmospheres. A two-stage 
Lif-o-gen pressure regulator with a SS diaphragm is used to reduce the 
pressure delivered from a standard cylinder to the 4PSV to approximately 
one atmosphere above room pressure. 
Syringe air samples are collected and held in 100 cc Becton-
Dickinson ground glass syringes (type 2317), with a plastic shutoff 
valve (Pharmaseal type K-70) mounted at the tip. To avoid contamination· 
with shipboard air, air samples at sea are normally collected in these 
syringes at the bow of the ship while underway. In the laboratory, the 
syringe plungers are kept under positive pressure to prevent entry of 
lab air into the sample. Samples of lab air can also be introduced into 
the sample loops using a syringe, to check the levels of F-11 and F-12 
contamination levels inside the ship. 
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A flow of clean marine air is supplied to the 4PSV by a pumping 
system. From an inlet located as high above the deck as possible at the 
bow of the ship, this system flushs several liters/minute of marine air 
through a length of 9.5 mm OD Dekabon (layered aluminum and 
polyethylene) tubing into the laboratory. In the lab, the air stream is 
compressed to approximately 0.5 atmospheres above room pressure using an 
Air Cadet pump and a back pressure regulator. A small flow of this air 
split from the main stream is and directed into the GSV and sample loops 
for CFM analyses, or into a separate automated instrument for N2o, cn4 , 
and C02 analyses (Weiss, 1981). Most of the airflow, however passes 
through a housing covering the diaphragm of the Air Cadet pump, and is 
immediately vented to the room. This serves to keep both the the Deka-
bon tubing and the diaphragm of the pump thoroughly flushed with clean 
marine air. At sea, samples from this continuously pumped air stream 
and discrete samples collected at the bow of the ship in ground glass 
syringes showed no measurable differences when analyzed for F-11 and F-
12. 
The blank gas supplied to the 4PSV is split from the purified 
stream of stripping gas. This blank gas can be introduced into the GSLs 
in a similar fashion to other gas samples, and provides an estimate for 
the F-11 and F-12 blank (system blank) accumulated during the operation 
of the CAS. Such system blanks are generally run frequently during 
intensive periods of water or air analysis. 
Mg(Cl04)z is placed in the air and syringe air inlets, thereby 
allowing concentration measurements to be made and reported directly in 
the units of mole fraction of CFM in dry air. This avoids the need to 
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make corrections due to the varying water vapor content of air samples. 
Both the standard and blank gases are prepared from dry gases, and no 
desiccants are required in these inlets. 
Prior to injecting a gas sample into the CAS, the GSLs are 
flushed for two minutes with the gas to be sampled. After flushing, 
sample flow is stopped, and the gas sample contained in the sample loop 
allowed to vent to ambient pressure for ten seconds before injection. 
The isolation coil restricts the entry by diffusion of CF!o!s from lab air 
into the GSLs during this period. During this ten second period, the 
temperature of the GSLs is measured to ±0.01°C. The atmospheric pres-
sure is measured to ±0.1 mb using a Penwalt model FA 185260 precision 
aneroid barometer. In the GSV inject position, stripping gas is 
diverted into the GSL, and the gas sample is swept into the stripping 
gas stream. One or both of the GSLs could be injected, allowing vari-
able sample sizes to be analyzed. For multiple aliquots of a sample 
loop, the GSV can be returned to the fill position, the GSLs flushed 
with additional sample, injected, and collected together on the cold 
trap. 
For routine gas sample analyses, V4 is set to bypass the strip-
ping chamber, and the sample and stripping gas pass through a drying 
column of Mg(Cl04 ) 2 and through V6 into the trap. This trap consists of 
a length of 3.2 mm OD SS tubing packed with a five em leg of glass 
beads, followed by five em of Porasil C (80-100 mesh), five em of Pora-
pak T (80/100 mesh), and five em of glass beads. These materials are 
held in position by small wads of glass wool. During the trapping pro-
cess, the trap is immersed in a stainless steel dewar flask containing 
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isopropanol at -30°C. This temperature is maintained by a Neslab Cryo-
cool II refrigeration unit, equipped with a Cryo-Trol temperature con-
troller and a flexible probe. The stripper gas stream (with sample) 
enters the trap at the Porasil C (A') side. The F-11 in the stripper 
gas stream is held quantitatively in this section of the trap at -30°C. 
During the four minute trapping period, the F-12 carried into the trap 
by the stripper gas stream slowly migrates through the Porasil C but is 
held quantitatively on the Porapak T section. During trapping the 
stripping gas and most of the 02 and N2o from the sample pass through 
the cold trap and entered the pre-column (15 em of 80-100 mesh Porasil 
C, packed in a 3.2 mm OD SS tube) via the B side. The precolumn is 
located in the GC oven, and is held at 70°C. Slowly eluting compounds 
remaining in this precolumn from the injection of the previous sample 
are backflushed and carried out of the B' side of the precolumn by this 
stream during the trapping process. The stripping gas stream then 
passes through a flow meter, and through the series of Valco purge hous-
ings before venting to the atmosphere. 
After four minutes of trapping, the stripper gas flow is 
diverted from the trap via V6, the trap is isolated, the cold bath is 
removed, and the trap is heated in a Dewar flask of water at 100°C. A 
needle valve at V6 maintains a constant stripper gas flow during the 
switching of V6, and prevents surges of flow when the stripper gas is 
directed through the flowmeter and purge housings. After thirty seconds 
of heating, the chromatographic run begins as V7 is switched and carrier 
gas is directed into the trap (Fig. 5). Plotting and integration of the 
signal generated by the ECD begins at this point. 
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The carrier gas enters the trap on the Porapak T side (A ·side), 
thus backf1ushing the trap contents out through the Porasil C (A' side), 
and into the B' side of the precolumn. After forty seconds, which is 
sufficient to allow the F-11 and F-12 eluted from the trap to pass 
through the 15 em precolumn and onto the GC column, V6 and V7 are 
returned to the position shown in Fig. 4. Timing for the injection and 
backflushing through valves V6 and V7 (Valco model EC4PHC equipped with 
electric actuators) during the analytical run is controlled by the 
SP4100 integrator. While the stripper gas stream backflushes the slowly 
eluting compounds retained on the pre-column through the B' side (Fig. 
4), the F-11 and F-12 from the sample continue through the GC column in 
the carrier stream. As the F-11 and F-12 and other components are being 
eluted from the GC column into the ECD, preparations for the next sample 
can begin. 
~-~ Water Sampling Procedures 
For analysis of water samples, a Becton-Dickinson 100 cc ground 
glass syringe containing a seawater sample is connected via a Luer fit-
ting and a short flexible Nylon tube to the seawater inlet of the model 
86773 Hamilton valve (HV) shown in Fig. 4. The CFM permeability of the 
Nylon was measured and found to be insignificant in this application. 
Approximately 20 cc of seawater is first flushed through this valve to 
waste. The HV is then positioned to allow water to enter the stripper. 
Gas displaced during the water filling process is vented via Valve V5 
(Valco model 3PHC). The volume of water transferred into the stripper 
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is determined in two ways. The travel of the syringe barrel during fil-
ling is measured by a precision caliper, and is multiplied by the 
cross-sectional area of the individual syringe. In the second method, 
the volume of water is determined from a series of calibrated lines on 
the glass stripper wall. In either case, the volume of water in the 
sidearm connecting a HV with the stripper is not stripped of CFMs. This 
volume is determined geometrically (about 0.23 cc) and is subtracted 
from the injected volume. Typically, the volume of seawater stripped 
for CFM analysis was approximately 30 cc. After filling the stripper, 
both the HV and the vent valve VS are closed immediately. After cooling 
the trap to -30°C for thirty seconds, the stripping gas is directed into 
the stripper via V4. The stripping gas enters the bottom of the 
stripper (at about 30 cc/min. at the pressure inside the stripper), and 
bubbles through a coarse glass frit into the water sample. Gases dis-
solved in the sample are removed by the carrier gas in a first-order 
stripping process. The gas stream is then dried with Mg(Cl04 )2 , and the 
CFMs are collected in the cold trap (Fig. 4). After 4 minutes, the 
stripper gas is shunted past the stripper and trap, and the heating and 
injection procedure described earlier is initiated. The water remaining 
in the stripper can then be flushed out, and the stripper prepared for 
another sample. Verification of complete stripping can be done by res-
tripping the sample. Total sample analysis time is about 10 minutes, 
and an entire station of 24 water samples, along with blank and standard 
runs, can be analyzed in about 8 hours. 
Estimates for CAS blanks during water sample processing 
(stripper blanks) are obtained by trapping the stream of stripping gas 
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passing through the empty stripper, and then injecting as described 
above. 
1.1 The CAS used on the Hudson 82-001 Expedition 
Most of the CFM measurements discussed in the next chapter were 
made during the Hudson 82-001 expedition in 1982 using an earlier ver-
sion of the CAS. The schematic diagrams of the CAS shown in Figs. 4 and 
5 and discussed in the previous sections incorporate the most recent 
(1984) improvements made in the CAS, and include those made since the 
completion of the Hudson 82-001 expedition. The flow patterns in the 
CAS during sample trapping and injection during the Hudson 82-001 exped-
ition were similar to those shown in Figs. 4 and 5. Changes made in the 
CAS since 1982 involve the materials and design of the valves, the addi-
tion of electric actuators to several of the valves, changes in the time 
of backflushing, raising the trapping temperature from -60°c to -30°c to 
permit N2o elution, and changes in the lengths of the pre-column and 
column. In general, as a result of these modifications and improvements 
in sampling technique, a gradual improvement in the precision of CFM 
measurements was made during the period 1982-1984. Comparisons of the 
precisions for gas and water analyses obtained with the most recent ver-
sion of the CAS, and those obtained during the Hudson 82-001 expedition 
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are discussed in later sections. 
1.1 Water Sample Collection Techniques 
Most seawater samples analyzed during the Hudson 82-001 and sub-
sequent expeditions were collected in five liter Niskin bottles. Tbese 
standard bottles are constructed of PVC plastic, with large Buna-N o-
rings to seal each end cap, and several small Q-rings in the drain valve 
and vent. A large metal spring inside the Niskin bottle was used to 
hold the end caps closed after tripping. At a typical station, a 
rosette of open bottles was lowered into the water column, along with a 
CTD sensor which continuously transmitted data on conductivity, tempera-
ture and pressure. For sampling, this instrument package was normally 
lowered directly to the maximum depth to be sampled, and on the ascent 
to the surface the Niskin bottles were closed (tripped) individually to 
collect water samples at the desired depths in the water column. For a 
4000 meter cast, approximately 90 minutes elapsed from the time of trip-
ping of the first bottle to the tripping of the last bottle and 
retrieval of the package at the surface. Seawater samples for CFM 
analysis were collected as soon as possible after return to the surface, 
and before other samples were drawn. Experiments performed during the 
Hudson 82-001 expedition revealed that CFM levels in the Niskin sample 
bottles increased very rapidly after the bottle was opened and the ini-
tial samples were drawn. Tbis was probably the result of shipboard air, 
which contained high levels of CFM, entering the headspace of the bottle 
as water samples were withdrawn and dissolving into the remaining water. 
Tbis problem was very severe on the Hudson, where CFM levels in the air 
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of the closed sampling room were often several hundred times higher than 
background. During the subsequent TAS and Long Lines expeditions, water 
samples were drawn from the rosette on the deck of the ship, in an area 
open to free exchange with outside air. Rapid flushing with outside air 
kept the ambient levels of CFM in the area surrounding the rosette near 
clean air levels. 
For the first few stations on the Hudson 82-001 expedition, 
water samples for CFM analysis were transferred from the Niskin sample 
bottles to the syringes via a length of -30 em surgical tubing. One end 
of the tubing was attached to the Niskin drain valve, and during the 
filling of the syringe, a continuous stream of seawater was flushed 
through this tubing. Seawater was drawn from this flowing stream into 
the syringe via a hypodermic needle inserted through the wall of the 
tubing. Several rinses of approximately 30 cc were drawn into, and 
expelled from, the syringe to remove air bubbles and traces of water 
from previous samples. Despite the continuous flushing of the tubing 
during .the syringe filling process, analysis of replicate samples from 
syringes collected from the same Niskin bottle showed considerable 
scatter in F-11 and F-12 concentration. The F-11 and F-12 concentra-
tions in samples drawn from a slowly flowing stream in the surgical tub-
ing were usually considerably higher than in samples drawn during rapid 
flushing. Other types of tubing, including Tygon were investigated, and 
similar problems were encountered in obtaining consistent replicate sam-
ples. To avoid the use of tubing in sample drawing, an alternate tech-
nique was developed which involved connecting the Luer fitting of the 
syringe directly to the Niskin bottle drain valve. With the syringe 
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valve open, the hydrostatic pressure of the water in the Niskin bottle 
was sufficient to force water into the syringe at a relatively rapid 
rate. With this technique, only about 2 minutes were required to rinse 
a syringe with several aliquots of water and then fill with 100 cc of 
seawater. Because the syringe was under positive pressure during fil-
ling, there was no tendency for air bubbles to be sucked into the sam-
ple, and samples were drawn with minimal contact with air. 
~-~ Chromatographic Results 
A sample chromatogram generated by 3.135 cc of dry marine air, 
injected at a pressure of 1011.1 mb and a temperature of 26.1°C, is 
shown in Fig. 6. This air sample was collected in the Gulf of Califor-
nia at 30°51'N 113°25'W on 23 May 1984. The concentrations reported 
for F-11 and F-12 are 209 ppt and 383 ppt respectively. The backflush 
occurs at 40 seconds into the run, and is followed by a series of small 
peaks. The F-12 peak is eluted about 110 seconds after injection and 
the F-11 was eluted at approximately 225 seconds. Fig. 7 shows the 
chromatogram from the analysis of a 26.2 cc surface seawater sample col-
lected at the same location. The concentrations of F-11 and F-12 in 
this sample are 1.67 pmol/1 and 0.92 pmol/1. The volume of seawater 
analyzed in Fig. 7 is approximately 8.5 times greater than the volume of 
air analyzed in Fig. 6. The F-11/F-12 ratio in this water sample shown 
is about 3.3 times greater than that in the overlying air, reflecting 
the higher solubility of F-11 in seawater. 
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Figure 6. Chromatogram produced of a 3.135 cc sample of marine air 
collected in the Gulf of California in May, 1984. Prelim-
inary concentrations calcuhted for this sample are F-11 = 
209 ppt and F-12 = 383 ppt. 
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Figure 7. Chromatogram from a -26 cc near-surface water sample col-
lected in the Gulf of California in May, 1984. Preliminary 
concentrations calculated for this sample are F-11 = 1.67 
pmol/1, F-12 = 0.97 pmol/1. 
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Using the CAS described above, two operators made a series of 42 
analyses of CFM standards containing F-11 and F-12 at concentrations 
near those in modern NH air. The mean relative sample standard devia-
tions (r = relative sample standard deviation, r = mean relative sample 
standard deviation) for replicate samples of these standards were: 
rF-11 = 0.23% 
0.63%. 
These precisions represent an improvement of about a factor of 2 
over those obtained using an earlier version of the CAS during the Hud-
son 82-001 expedition. The precision of seawater analysis also signifi-
cantly improved over the course of this study, as blank levels were 
lowered, and sampling and analytical techniques improved. Perhaps the 
highest quality seawater measurements were made during Leg 2 of the Long 
Lines Expedition in 1984. Table 1 shows the results of replicate ana-
lyses of near surface seawater samples during this expedition (s = sam-
ple standard deviation, s =mean sample standard deviation). Each pair 
in this table represents the analysis of 2 samples from the same ten 
liter Niskin bottle. Table 2 shows the results of replicate analysis of 
near bottom samples during this cruise. Values for s for the near sur-
face samples, which had relatively high CFM concentrations, were: 
0.0425 pmol/kg 
sF_12 = 0.0282 pmol/kg 
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TABLE 1. 
Long Lines - Near Surface Replicate Samples 
Sta. Depth F-11 s r F-12 s r 
(m) (pmol/kg) (pmol/kg) % (pmol/kg) (pmol/kg) % 
62 2 1.795 0.0240 1.829 1.3 
0.854 0.0120 1.4 0.871 
66 88 3.040 0.0078 0.3 1.519 0.1103 7.7 3.051 1.363 
61 3 3.443 0.0318 3.398 0.9 
1.574 0.0530 3.5 1.499 
75 63 4.178 0.0035 0.1 1.822 0.0014 0.1 4.203 1.820 
16 3 4.418 0.0092 0.2 1.911 0.0156 0.8 4.431 1.933 
77 44 4.860 0.0863 1.7 2.120 0.0050 0.2 4.738 2.127 
81 2 4.644 0.0269 4.606 0.6 
2.058 0.0205 1.0 2.029 
89 30 4.562 0.0071 0.2 1.964 0.0028 0.1 4.572 1.968 
91 3 4.627 0.0594 4. 711 1.2 
1.936 
1.977 0.0290 1.4 
92 3 4.800 0.0771 1.6 2.030 0.0248 1.2 4.691 1.995 
95 2 4.612 0.1874 3 .9 1.953 0.0757 3.8 4.877 2.060 
100 50 4.278 0.0007 0.0 1.860 0.0085 0.5 
4.277 1.848 
111 2 4.724 0.0163 0.3 2.029 0.0078 0.4 4.701 2.040 
Means s~0.0425 r~1.1% s~0.0282 r~1.7% 
51 
TABLE 2. 
Long Lines - Near Bottom Replicate Samples 
* sample not used 
Sta. Depth F-11 s r F-12 s r (m) (pmol/kg) (pmol/kg) % (pmol/kg) (pmol/kg) % 
62 4499 0.005 0.0014 16.7 0.004 0.0 0.0 0.007 0.004 
69 4477 0.044 0.0014 0.042 3.2 
0.122 0.0700* 96.6* 0.023 
71 4334 0.050 0.0035 0.045 7.4 
0.040 
0.049 0.0064 1.4 
72 3682 0.048 0.0021 4.2 0.041 0.0071 20.6 0.051 0.031 
78 2450 0.096 0.0035 3.6 0.052 0.0007 1.3 0.101 0.051 
80 3828 0.130 0.0014 1.1 0.075 0.0028 3.9 0.128 0.071 
82 4489 0.233 0.0021 0.233 0.9 
0.120 
0.109 0.0078 6.8 
83 4396 0.235 0.0050 2.1 0.115 0.0064 5.3 0.242 0.124 
88 5166 0.097 0.0036 3.7 0.057 0.0205 28.7 0.092 0.086 
90 3707 0.228 0.0078 3.5 0.117 0.0106 9.7 0.217 0.102 
92 4405 0.150 0.0035 2.3 0.071 0.0007 1.0 0.155 0.072 
93 4103 0.248 
0.239 0.0064 2.6 
0.115 
0.111 0.0028 2.5 
97 5068 0.691 0.0021 0.688 0.3 
0.320 
0.310 0.0071 2.2 
106 5047 0.371 0.0064 1.7 0.183 0.0078 4.1 0.380 0.194 
108 4275 0.564 0.0092 1.6 0.268 0.0028 1.0 0.577 0.272 
108 3034 0.324 0.0120 3.8 0.155 0.0064 4.2 0.307 0.146 
115 3899 0.366 0.0007 0.367 0.2 
0.186 
0.179 0.0050 2.7 
118 3346 0.356 0.0000 0.0 0.169 0.0035 2.1 0.356 0.164 
Means s=0.0042 r=3.3% s=0.0095 r=ll.4% 
Values of s for measurements of the deep samples, containing relatively 
low CHI concentrations were: 
sF_11 = 0.0042 pmol/kg 
sF_12 = 0.0095 pmol/kg 
Although the values of s for F-11 and F-12 in the deep samples were sig-
nificantly lower than for the near surface samples, these values consti-
tuted a higher percentage of the average CFM concentrations present 
there. 
Systematic errors in seawater CFM measurements can be more dif-
ficult to estimate. Such information is especially important for sam-
ples collected in regions of low CFM concentrations. Changes in the CFM 
concentrations in water held in ten liter Niskin bottles were measured 
as a function of time. Fig. 8 shows the results from sampling 3 repli-
cate ten liter Niskin bottles tripped at the same time and depth (-1000 
m). The F-11 and F-12 concentrations measured in seawater that had 
remained in the closed bottles for several hours before sampling were 
significantly higher than those from bottles sampled almost immediately 
after returning to the deck. For the F-12 samples, the net rates of 
increase in each bottle is -0.004 pmol F-12 kg-1hr-1 . The net rate of 
increase of F-11 in the bottles sampled within 6 hours was -0.003 pmol 
F-11 kg-1hr-1 • The high F-11 concentration in the last bottle sampled 
(after twelve hours) indicates either a more rapid rate of increase in 
F-11 after six hours incubation, or a more contaminated Niskin bottle. 
Such experiments can provide estimates of the rates at which the concen-
trations of these compounds might be expected to increase in these 
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Figure 8. Increase of F-11 and F-12 concentrations in replicate sea-
water samples held in ten liter Niskin bottles. 
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bottles after tripping and prior to drawing the CFM water samples. 
If seawater samples can be collected from areas where the con-
centrations of F-11 and F-12 are zero, a good estimate can be made of 
the blank due to the entire sampling and analytical process. Based on 
tritium and radiocarbon data, deep samples collected away from the 
western boundary in the central gyres of the Atlantic might be expected 
to contain negligible levels of CFMs. Deep water samples analyzed from 
stations in the central Atlantic during the TAS expedition, for example, 
showed very low (0.005-0.010 pmol/kg) concentrations of both F-11 and 
F-12. Such samples give an indication of the CFM blank for seawater 
samples at these stations, as well as of the variability in blank levels 
for the ten liter Niskin bottles. 
In areas where significant penetration of CFM throughout the 
water column might be expected, evaluating sample blanks is more diffi-
cult. One such region is the Greenland-Norwegian Sea, which was sampled 
during the Hudson 82-001 expedition. Estimates for the precision and 
accuracy of seawater F-11 and F-12 measurements made during the Hudson 
82-001 expedition are given in the following chapter. 
~.i Calibration 
Calibration curves used to calculate CFM concentration in air 
and water samples are generated by multiple injections of known volumes 
of standard gas. In creating calibration curves, the number of aliquots 
of CFM standard injected is chosen to span the range of CFM levels 
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encountered in air and water analyses. A typical curve showing F-11 and 
F-12 peak area as a function of moles injected is shown in Fig. 9. The 
response of the ECD to the amount injected is nonlinear for both gases. 
During periods of intensive air or seawater processing, complete 
calibration curves are normally generated at daily intervals. Analyses 
of one large GSV of standard are performed more frequently to monitor 
short term changes in detector sensitivity (peak area/mole) to CFMs. 
Drift in detector sensitivity is usually less than 1-2% over a 24 hour 
period. 
During each analysis, data on sample type, temperature, pres-
sure, volume, etc. are entered into the SP4100. Following each chroma-
tographic run, these raw data, along with chromatographic peak data gen-
erated during the run, are first transmitted to a Hitachi D980 cassette 
recorder for storage on cassette tapes and then printed after the 
chromatogram on the SP4100 chart paper. The SP4100 is also programmed 
to then examine the peak data collected during the run, and using reten-
tion time as a guide, identify the F-11 and F-12 peaks. After each sys-
tem or stripper blank analysis, the F-11 and F-12 peak areas for the run 
are stored in the SP4100 as the current blank values. At the end of 
each standard, air, or water analysis, the measured F-11 and F-12 peak 
areas are corrected by subtracting the appropriate blank values. To 
compensate for drift in detector sensitivity since the previous calibra-
tion curve is run, a re-normalization factor is calculated for F-11 and 
for F-12 after each new analysis of a large GSL of standard. This fac-
tor was obtained by comparing the blank corrected sensitivity for the 
recent run of the large GSL to the sensitivity of the CAS to a large GSL 
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Figure 9. Calibration curve generated from the injection of multiple 
aliquots of standard gas. 
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of the same standard analyzed at the time of the calibration curve. 
Using a polynomial expression which relates F-11 and F-12 peak 
areas to numbers of moles injected, the corrected peak areas of samples 
are converted by the SP4100 into moles. The polynomial expression 
obtained is a least squares fit to the calibration curve. CFM concen-
trations (either mole fraction for air samples, or mole/liter for water 
samples) are then calculated by dividing the moles of F-11 and F-12 by 
the volume of sample analyzed. The results of these calculations are 
printed within a few seconds of the termination of the run as part of 
the run report. Although considered preliminary, since bracketing 
blanks and standards are not available at the time of this calculation, 
these values were usually within a few percent of the final values cal-
culated later in the laboratory at SIO after completion of the expedi-
tion. At sea, using these preliminary results, vertical profiles of CFM 
distribution can be plotted and made available for study within a few 
hours of the completion of a station. This allows interesting features 
of CFM distribution in the water column to be detected, and subsequent 
sampling strategy for CFM or other parameters to be modified accord-
ingly. 
Upon return to SIO, the raw data stored on cassette tape are 
transferred to an Integrated Solutions Inc. (lSI) computer for for final 
processing. For each sample (standard, water, or air), bracketing blank 
runs are located, and an interpolated F-11 or F-12 blank value is calcu-
lated and subtracted from the F-11 and F-12 peak areas of the sample. 
For air and water samples, the re-normalization factor is obtained by 
interpolating the bracketing runs of large GSLs of standard. Suitable 
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analyses from which to construct calibration curves are selected, and a 
4 term polynomial expression for sensitivity (peak area/mole) vs. peak 
area fit to the F-11 and F-12 calibration data. This method forces the 
blank corrected calibration curves through the origin if plotted as 
counts vs. moles. The series of runs for which a particular set of 
polynomial expressions are to be used is then specified. The blank-
corrected, re-normalized air and water CFM peak areas are then fit to 
the F-11 and F-12 polynomial expressions, and the number of moles of CFM 
in each sample calculated. For air samples, concentration (mole frac-
tion) is calculated as indicated previously. For water samples, pmol/kg 
is calculated using data on the volume of water stripped, and the den-
sity of the water sample (Millero, Chen, Bradshaw, and Schleicher, 1980) 
as a function of the salinity and temperature. After calculation of CFM 
concentrations, these data are stored on the lSI computer, together with 
hydrographic data collected at the hydrostations. Routines programmed 
into the lSI allowed this data set to be manipulated and plotted in a 
variety of ways. 
~. Calibration Standardization 
The preparation of accurate, stable gas standards with com-
ponents in the parts-per-trillion range is a formidable task. Such 
standards are important for the study of long-term trends in atmospheric 
trace gas distributions, in confirming atmospheric release data for 
anthropogenic compounds, and estimating the lifetimes of reactive gases 
in the atmosphere. Such standards are essential for merging data sets 
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collected at different times and locations. In large-scale programs, 
such as ALE, where a number of monitoring stations measure trends in 
atmospheric concentrations of CFMs as a function of latitude and time, 
techniques have been devised for assuring that all measurements are 
intercomparable, and that the trends observed in atmospheric data are 
not influenced by drifting of the F-11 and F-12 concentrations in the 
calibration standard cylinders. The preparation and propagation of the 
F-11 and F-12 calibration standards used in the ALE program have been 
discussed by Rasmussen and Lovelock (1983). In the ALE program, over a 
four year period, the drift in the relative concentrations of F-11 and 
F-12 in the standards was found to be negligible. 
The stability of the standards used in the ALE program allows 
the atmospheric trends and latitudinal gradients in the F-11 and F-12 
measurements to be assessed with good precision. Although these rela-
tive concentrations of F-11 and F-12 in the ALE standards, and in the 
air samples referenced to these standards, are known to within about 1%, 
the absolute concentrations are known with significantly less certainty. 
The accuracy of CFM concentration measurements of air samples 
depends upon the accuracy to which the standards used to calibrate the 
samples are known. In intercalibration studies (Rasmussen, 1978; 
Rasmussen and Khalil, 1981), cannisters of a CFM standard were distri-
buted to a number of groups involved in making atmospheric measurements 
of F-11 and F-12. The results of these studies indicate that there can 
be relatively large discrepancies in the CFM values reported by various 
laboratories. 
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The reported concentrations of F-11 and F-12 in the primary 
standards originally used in the ALE program have been re-assessed by 
comparisons with standards prepared later by exponential dilution and 
coulometry (Rasmussen and Lovelock, 1983). The ALE investigators have 
adopted a system of "calibration factors" in which all of the ALE 
measurements of the concentration of CFMs in atmospheric samples are 
reported relative to the original calibration scale. The best estimates 
of absolute concentrations for the entire data set can be made by multi-
plying these reported values by the most recent calibration factor for 
that gas. The calibration factors report by Rasmussen and Lovelock 
(1983) for the ALE data set are F-11 ~ 0.96 ±0.02, and F-12 ~ 0.95 
±0.02. 
In the CFM studies initiated at SIO, it seemed appropriate to 
prepare independently a number of F-11 and F-12 primary standards to the 
highest degree of accuracy possible, and to use these standards to cal-
culate the CFM concentrations in air and water samples collected in the 
field. Subsequent intercomparisons of these SIO primary standards with 
those used by other groups allows the differences in relative calibra-
tion to be assessed. 
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~·1 Static ~-Dilution System 
A gas mixing apparatus, the Static Gas-Dilution System (SGDS) 
(Fig. 10) was designed and built to prepare accurate CFM (and other 
trace gas) standards. In this system, gases held at known temperature 
and pressure in two calibrated volumes can be combined to produce mix-
tures of known molar composition. The calibrated volumes and tubing of 
the SGDS were constructed of stainless steel, and Nupro all-metal bel-
lows valves were used to lessen the possibility of trace amounts of con-
taminants entering the system through valve seals or elastomers. The 
smaller of the two calibrated volumes (SV) was constructed from a U 
shaped length of 12.7 mm diameter, thick-walled SS tubing, with two 
Nupro metal bellows valves at the ends. The large volume (LV) was made 
from a thirty five liter surplus SS aircraft oxygen breathing tank, 
which had been electropolished to passivate the inside surface. Nupro 
bellows valves at each end of LV allowed this volume to be isolated from 
the rest of the system. The two calibrated volumes were surrounded by 
an insulated, thermostated box. A fan and baffle system rapidly mixed 
the air in the box, and maintained a uniform temperature during blending 
experiments. Temperature in this box could be measured to 0.01°c, using 
a Kahlsico model 6975 thermometer. Since the two calibrated volumes 
were maintained at approximately the same temperature, errors due to 
inaccuracies in the thermometer used to measure the temperature of the 
SGDS tend to cancel. Pressure in the SGDS is measured by a Penwalt Pre-
cision Calibrating Standard (type FA-187) mercury manometer, which has a 
range of 0-1080 mb, and is accurate to 0.02% of full scale (i.e. -0.2 
mb). Following preliminary evacuation with a mechanical vacuum pump, 
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Figure 10. Static gas dilution system used for preparing CFM standards. 
0\ 
"' 
the entire SGDS can be evacuated to a pressure of a few microns Hg or 
less by an oil diffusion pump connected to the system. During evacua-
tion, pressure in the low range was monitored using Hastings thermocou-
ple vacuum gage tubes (type DV-5M). Gases used to fill the calibrated 
volumes and to flush the system enter through a manifold of Nupro stain-
less steel bellows valves (V3 and V4 in Fig. 10). A cold finger or 
flask can be attached to this manifold to purify supply gases, or to 
collect condensable gases during blending experiments. 
The volume of SV (between valves V5 and V6) was determined by 
carefully filling with metallic mercury, and weighing on an analytic 
balance. The volume of LV was determined by weighing the amount of de-
gassed de-ionized water required to fill the volume between valves V6 
and V7. In calculating volume from the weight of the water, corrections 
for the buoyancy of the brass weights used in the analytical balance, 
and for the buoyancy of water in air were applied. Data on the densi-
ties of mercury and water as a function of temperature and pressure were 
obtained from the Handbook of Chemistry and Physics (1976). From three 
replicate fillings and weighings on a 5 kg capacity Sargent pan balance, 
a volume of SV = 11.88676 ±0.00088 cc at 25°c was calculated. Four 
replicate fillings with de-ionized water gave a volume of LV = 34,474.70 
±0.67 cc at 25°C. 
LV was filled at several temperatures to determined the change 
of the volume of LV as a function of temperature. Measurements with a 
micrometer indicated that the diameter of LV decreased slightly when the 
internal pressure was reduced from one atmosphere to near vacuum. A 
test was performed to determine the effect of pressure on the volume of 
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LV. This volume was filled with water at fixed temperature, and a cali-
brated, water-filled tube was then connected to the top of LV. As pres-
sure was applied above the water in the calibrated tube, the drop in 
water level in the tube was proportional to the expansion of the volume 
of LV (after allowance for the compressibility of water). The volume 
change of LV due to pressure was approximately 3.2 cc/atmosphere, i.e. 
about 0.01% change in overall volume of LV/atmosphere. Due to the rigi-
dity of the walls of SV, no correction for the change in volume of SV as 
a function of pressure was required. 
The measurements of the volume of LV as a function of tempera-
ture and pressure give the following expression: 
LV(T,P)=34,474.70 cc + 1.84 cc/°C(T-25) + 3.2 cc/atm x (P-P t)/1013.14 
ex 
and the value of SV as a function of temperature is given expressed by: 
SV(T) = 11.88676 cc + 0.00063444 cc/°C (T-25) 
where Tis the temperature in °C, Pis the internal pressure (mb), and 
Pext is the atmospheric pressure (mb). For the temperatures and pres-
sures used to blend standards in this work, the differences between 
LV(T,P) and LV(25°C,1 atm) and between SV(T) and SV(25°C) were less then 
0.1%. 
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~.1 Blending Techniques 
The ratio of the two calibrated volumes (SV/LV-345xl0-6) .was 
chosen to be similar to the mole fraction of C02 in modern air. Since 
readings on the manometer can be made to ±0.2 mb over the full scale, 
maximum accuracy in in preparing Co2 standards could be achieved by fil-
ling the two volumes with the purified gases at pressures near the upper 
limit of the manometer. After filling the two volumes with the pure 
gases (i.e. C02 and N2 or co2 and air), these volumes are isolated, and 
the remainder of the SGDS evacuated. After evacuation, valve V8 is 
closed, and valves VS, V6, and V7 opened to allow the pure gases to mix. 
The temperature in the thermostated box is then increased to above the 
room temperature, and the gases are allowed to mix convectively, in a 
closed loop for several hours. Several blends of C02 in N2 were 
prepared in the SGDS by this method, and expanded into evacuated 2-liter 
glass flasks. These flasks were analyzed for C02 concentration by C. D. 
Keeling's group at SIO. Table 3 compares the mole fractions obtained by 
the Keeling I.R. analysis and the mole fractions calculated using the 
C02 virial coefficients and the temperatures, pressures, and volumes 
recorded during blending on the SGDS. The differences are within the 
errors expected for the blending techniques, the flask transfer process, 
and the precision of the co2 analyses. 
The mole fractions of components in a mixture can be varied by 
modifying the ratio of pressures in the two volumes, This range of use-
ful pressures at which the two volumes can be filled is restricted by 
the upper pressure limit of the Penwalt manometer (1080 mb) and by limi-
tations in the relative accuracy of measurements made by the manometer 
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TABLE 3. 
Analysis of C02 Standards Prepared on SGDS 
Mixture Calculated Measured 
Mole Fraction C02 Mole Fraction 
Blended on SGDS (Keeling IR 
(x106) 
Analysis) 
(x106 ) 
1 346.155 347.02;!:0.21 (n=7) 
2 347.073 346 .53;!:0 .25 (n=9) 
n = number of replicate flasks analyzed 
at low pressures. 
Difference 
i-Q .076% 
-0.156% 
Standards in the low ppm and ppb ranges can be prepared by an 
alternate technique in which SV is filled with gas at a pressure P. in 
1 
the optimal range of the manometer. The gas in SV can then be expanded 
into LV. The expansion of a single aliquot of SV into LV, reduces the 
-6 pressure in SV by a factor of approximately 344.7x10 • 
P = Pi(SV/(SV+LV)) -6 = Pi(344.7x10 ) 
where Pi is the initial pressure, and P is the pressure after expan-
sion. After an expansion, the contents of SV, at reduced pressure P, 
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can be isolated, and LV can then be evacuated and flushed several times 
to remove traces of the gas. If desired, the pressure of the gas in SV 
can again be reduced by a similar factor by re-expanding the contents of 
SV into LV. After the final reduction of pressure in SV to the required 
level, SV can be isolated, and LV flushed and evacuated. LV can then be 
filled with diluent gas, and the gases in the two volumes convectively 
mixed for several hours. This multiple expansion technique allows accu-
rate gas mixtures to be prepared with minor components in the ppb or ppt 
concentration range. Great care must be exercised when using this tech-
nique, because all traces of the gas expanded into LV must be removed by 
evacuation and flushing. Any trace of the gas remaining can contaminate 
standards at the ppb or ppt level. 
~.~ CFM Standards 
Although F-11 and F-12 standards can be prepared by this direct 
technique (repeated expansions of the contents of SV), due to the. possi-
bility of contamination of the blended standard by traces of CFM remain-
ing in LV after expansion and evacuation, an alternate two step method 
was chosen. Three-component mixtures of F-11, F-12, and N20, with mole 
ratios similar to those in modern air (approximately 1:1.8:1600) were 
prepared in the SGDS. To prepare such a three-component mixture, SV was 
first filled with purified F-11 at the desired pressure. This volume 
was isolated, and the remainder of the SGDS evacuated. The F-11 held in 
SV was then cryogenically transferred to a small (-1 liter) Airco alumi-
num cylinder (Type 30A), which was cooled to liquid nitrogen 
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temperature, The cylinder valve was closed after trapping the F-11, and 
the filling and transfer process repeated for F-12. Finally, LV was 
filled with N2o to the desired pressure, and the N20 transferred to the 
Airco 30A cylinder. In preparing these mixtures, the pressure readings 
for the F-11, F-12 and N2o in SV and LV were all in the mid or upper 
range of the manometer, thus allowing good relative precision for these 
pressure measurements. Because the amounts of each gas in the mixture 
were in the cc· (STP) or larger range, trace levels remaining after 
transfer posed only a minor risk of contamination. Data on temperature 
and pressure for the gases in the SGDS were combined with the virial 
coefficients for F-11, F-12, and N2o (Dymond and Smith, 1980) to calcu-
late the mole ratios of the three gases in the mixtures held in the 30A 
Airco cylinders. Three separate mixtures were produced (Table 4). 
Blend 
B1584 
B1581 
B1566 
TABLE 4. 
Preparation of 3 Component Mixtures on SGDS 
Calculated Calculated Calculated 
Ratio Ratio Ratio 
F-11/F-12 F-11/N2o F-12/N20 
0.59143343 0.00069976 0.00118316 
0.59348967 0.00070078 0.00118078 
0.58790914 0.00069753 0.00118640 
Primary Std. 
Cylinder 
Spiked 
CC16436 
CC16449 
CC16438 
To produce a standard containing near atmospheric levels of the three 
gases, a small aliquot (-D.5 cc) of gas from a mixture was introduced 
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into an evacuated 150A Airco Spectra-Seal cylinder. The cylinder was 
then filled to high pressure ()50 atm) with air (Matheson Ultra-Zero 
Air) containing undetectable (as measured by ECD-GC) levels of N2o, 
F-11, or F-12. The three components of the mixture were diluted equally 
by the addition of the Ultra-Zero air, and their concentrations reduced 
to levels near those in modern air. Absolute concentration of N2o in 
this standard was determined by comparison with N2o standards (Weiss, 
Keeling and Craig, 1981) using an ECD-GC. F-11 and F-12 concentrations 
were calculated by multiplying the mole ratios of F-11/N2o and F-12/N20 
in the original mixture by the measured N2o concentration. 
One primary standard was prepared from each of the three blends 
described in Table 4. The "calculated" CFM concentrations of these 
primary standards, based on the mole ratios produced during the SGDS 
blending process and on the first series of measurements of the N2o con-
centrations, are given in Table 5. Cylinder CC16436 was the first pri-
mary standard prepared and used in the laboratory at SIO. The calcu-
lated concentrations for this standard, shown in Table 5, form the basis 
for the SIO 1983 calibration scale. 
In October, 1983 and April, 1984, the relative F-11 and F-12 
concentrations in the three primary standards were carefully compared 
using the CAS. Table 6 shows the results of the two intercomparison 
studies involving these primary standards. The differences in measured 
concentration ratios between the 10/83 study and the 4/84 study are well 
within the analytical precision of the CAS used to make the comparisons. 
Because each primary standard was prepared at a different time, and at a 
different initial pressure, the absence of measurable drift in the 
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Primary 
Standard 
CC16436 15 
CC16449 6 
CC16438 5 
TABLE 5. 
Calculated Concentration of F-11 and F-12 
in Primary Standard Cylinders 
Date Initial Measured Calculated 
of Pressure N2o F-11 
Prep. Concen. Concen. 
(atm) (x109) (x1o12> 
June 1982 85 307 .487 (6/ 82) 215.167 
Oct. 1982 50 346.042 (6/ 83) 242.499 
July 1983 58 332.040 ( 6/83) 231.608 
Calculated 
F-12 
Concen. 
(x1012> 
363.806 
408.599 
393 .932 
relative concentrations in the cylinders over an approximately six-month 
period supports the hypothesis that F-11 and F-12 standards held in the 
Airco Spectra-Seal cylinders are stable. 
The differences between the average measured F-12 ratios (from 
the intercomparison studies) and the calculated F-12 ratios for these 
standards are less than 1%. The agreement between the measured and cal-
culated F-11 concentrations in the cylinders are not as good. The 
disagreement for F-11 is somewhat greater than that expected from the 
precision of the the blending and analytical techniques. If it is 
assumed that the calculated concentration of F-11 in CC16436 is correct, 
then the relative concentration of F-11 in CC16438 is about 2% lower 
than that expected from the SGDS data and N2o concentration 
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TABLE 6. 
Ratios of F-11 and F-12 in the Primary Standards 
F-11 
Std. Measured Measured Average Calculated 
Cylinder Ratios Ratios Measured Ratio 
I. D. (10/83) (4/84) Ratios 
#s (10/83 .4/84) 
CC16 43 6/ CC16 43 8 0.9480 0.9476 0.9478 0.9290 
CC16436/CC16449 0.8676 0.8707 0.8692 0.8873 
CC16438/CC16449 0.9152 0.9189 0.9171 0.9551 
F-12 
Std. Measured Measured Average Calculated 
Cylinder Ratios Ratios Measured Ratio ' 
I. D. (10/83) (4/84) Ratios 
#s (10/83,4/84) 
CC16436/CC16438 0.9249 0.9273 0.9261 0.9235 
CC16436/CC16449 0.8881 0.8858 0.8870 0.8904 
CC16438/CC16449 0.9602 0.9553 0.9578 0.9641 
measurements. In a similar fashionJ the measured F-11 concentration in 
CC16449, relative to CC16436, is 2% too high. The source of these small 
discrepancies in F-11 concentrations in the three primary standards is 
uncertain. There is no clear time trend, since the measured F-11 con-
centration in CC16449, a cylinder prepared six months after CC16436, is 
high relative to CC16436, and the measured concentration of F-11 in 
CC16449, prepared one year after CC16436, is low relative to CC16436. 
It is possible that the differences are due to a small source of F-11 
and F-12 contamination in some. stage of the zero-air dilution process, 
where valves with elastomers were used. Additional blending experiments 
without using elastomers, and intercomparisons of such standards may 
help determine the source of the F-11 disagreements. 
The best values for the concentrations of F-11 and F-12 in each 
of the three primary standards are obtained by averaging the calculated 
F-11 and F-12 concentrations of that standard (from SDGS and N2o meas-
urements) with the F-11 and F-12 values for it derived using the other 
two primary standards and the intercomparison measurements. Table 7 
shows the technique used to calculate the best value for the F-11 and 
F-12 concentrations in CC16436. A similar technique is used to obtain 
the best estimates for the F-11 and F-12 concentrations in standards 
CC16438 and CC16449 in Table 7. The revised F-11 and F-12 concentra-
tions for CCl6436 (Table 7) form the basis for the SIO 1984a calibration 
scale. 
In a similar manner to the ALE calibration factors, the concen-
trations of F-11 and F-12 in samples (reported on the SIO 1983 calibra-
tion scale) can be updated to the most recent scale by multiplying by a 
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Std. 
CC16436 
CC16449 
CC16438 
Std. 
CC16436 
CC16449 
CC16438 
Std. 
CC16436 
CC16449 
CC16438 
TABLE 7. 
Best Estimated Valaes for F-11 and F-12 
Concentrations in Primary Standards 
F-11 Calcalated 
Concen. * 
(x1o12) 
215.290 
242.348 
231.388 
F-12 Calcalated 
Concen. * 
(x1o12> 
364.013 
408.344 
393.578 
Measared F-11 
Ratio 
(10/83 ,4/84) 
CC16436/CC16436;1 
CC16436/CC16449;0.8692 
CC16436/CC16438;0.9478 
Measared F-12 
Ratio 
(10/83,4/84) 
Estimate of F-11 
Concen. 
in CC16436 
(x1o12> 
215.290 
210.654 
219.310 
mean ; 215.085 
s ; 4 .33. 
Estimate of F-12 
Concen. 
in CC16436 
(x1012) 
CC16436/CC16436;1 
CC16436/CC16449;0.8870 
CC16436/CC16438;0.9261 
364.013 
362.201 
364.493 
mean; 363.569 
s ; 1.209 
Best Estimates (SIO 1984a Scale) 
215 .085 
247.688 
227.147 
* - based on average of N2o concentration 
measurements (6/82, 6/83, 8/84) 
363.569 
409.886 
392.581 
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calibration factor. The values of F-11 and F-12 concentrations in air 
and water samples reported on the earlier SIO 1983 can be corrected to 
the SIO 1984a scale by multiplying the F-11 values by 0.9996 and the F-
12 values by 0.9993. Unless otherwise noted, all concentrations of F-11 
and F-12 reported in this work are relative to the SIO 1984a scale. The 
accuracy of the SIO 1984a scale is estimated to be about 1.5% for F-11 
and 0.5% for F-12. 
I.i Intercalibrations 
Three samples, provided by R. A. Rasmussen, were analyzed at SIO 
on the CAS, and their F-11 and F-12 concentrations calculated by com-
parison with the primary standards prepared on the SGDS. The best esti-
mates of the concentrations of these samples, reported on the SIO 1984a 
scale, are shown in Table 8. In this table, the concentrations reported 
by Rasmussen for these samples have been adjusted using ALE calibration 
factors (F-11 = 0.96, F-12 = 0.95). The differences in reported F-11 
and F-12 concentrations using the two scales are relatively small. In 
the inter-comparison of the three samples, the ALE values are approxi-
mately 2.5% higher than the SIO 1984a scale for F-11, and approximately 
2% lower for F-12. The agreement between the two groups in this inter-
comparison study is within the combined errors expected from the stan-
dard preparation and analytical techniques. 
The working standards used on expeditions and for routine 
laboratory work in this study consisted of compressed air stored in 150A 
Airco Spectra-Seal size 150A aluminum cylinders. These cylinders were 
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Rasmussen 
Std. 
1 
2 
3 
Rasmussen 
Std. 
1 
2 
3 
TABLE 8. 
Rasmussen Intercalibration 
Rasmussen F-11 
Reported Cone. 
(x1012) * 
162.048 
195.072 
212.448 
Rasmussen F-12 
Reported Cone. 
(x1012) * 
268.850 
329.650 
362.235 
Concen. F-11 
vs. SIO 1984a 
(x1o12) 
157.117±0.43 
190 .964±0 .32 
207.747±0.035 
Concen. F-12 
vs. SIO 1984 
(x1012) 
272 .230±1.34 
336 .594±3 .02 
370.870±1.46 
'lb 
Difference 
+3 .14 'lb 
+2.15 'lb 
+2.26 'lb 
mean = +2.52 'lb 
'lb 
Difference 
-1.17 'lb 
-2.06 'lb 
-2.33 'lb 
mean = -1.85 'lb 
* - concentrations have been multiplied by the ALE 
calibration factors for F-11(0.96) and for F-12(0.95) 
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filled at the SIO Diving Locker using clean compressed marine air that 
had been dried and passed through the purification system used to fill 
diving cylinders. After filling, the F-11 and F-12 concentrations in 
the air in these Airco cylinders were measured. Although the F-12 con-
centrations were found to be near normal marine air levels, the F-11 
levels were significantly lower than clean marine air indicating loss of 
these compounds during the drying and filling process. To bring the F-
11 concentration to near modern air levels, these cylinders were spiked 
with a small amount of pure F-11. The cylinder contents were then re-
analyzed and calibrated against the primary standards. 
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CHAPTER III 
STUDIES IN :!]!g GREENLAND AND NORWEGIAN SEAS 
1· Introduction 
A series of CFM measurements were made in the Greenland and 
Norwegian Seas during February and March 1982, on the Hudson 82-001 
expedition. Fig. 11 shows the cruise track and location of hydrosta-
tions where water samples were collected. At each station a CTD was 
lowered into the water column and discrete bottle samples were collected 
at a number of depths for analysis of salinity, oxygen, nutrients, total 
COz, and alkalinity. At some stations, samples were also collected for 
3He and 3H analyses. Stations where measurements of the vertical dis-
tribution of CFM in the water column were made are shown in Fig. 12. 
Along the cruise track, an automated GC system (Weiss, 1981) measured 
the atmospheric and near-surface water concentrations of C02 , N20, and 
CH4 . Numerous air samples were also collected along the cruise track 
for analysis of F-11 and F-12 concentration. 
1.1 Circulation Patterns 
Metcalf (1960) outlined the boundaries of the Greenland and 
Norwegian Seas (GNS). The northern boundary of this region is placed at 
the Greenland-Spitsbergen Passage (or Fram Strait), at approximately 
80°N. The southern boundary is formed by the Greenland-Scotland Ridge 
system connecting Greenland, Iceland, and the Faeroe and Shetland 
islands. The eastern boundary of this region is formed by Norway, the 
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oo 
Figure 11. Cruise track of Hudson 82-001 expedition, with locations of 
hydrostations. 
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• 
Figure 12. Locations of stations during Hudson 82-001 expedition 
where CFM samples were collected. 
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shallow Barents Sea, and Spitsbergen. The western side of the GNS is 
bounded by Greenland. The GNS is divided into two major seas, the 
Greenland Sea (GS) and the Norwegian Sea (NS). The GS is northwest of 
Jan Mayen Island and the East and West Jan Mayen Ridges. The NS lies to 
the south and east of this ridge system. The southwest corner of the 
GNS, bordered by Iceland, Greenland, and Jan Mayen Island is often 
called the Iceland Sea. 
The internal surface circulation of this region was originally 
described by Helland-Hansen and Nansen (1909) as consisting of two major 
cyclonic gyres, the Greenland and Norwegian gyres, together with smaller 
permanent and non-permanent features. This early description is gen-
erally consistent with observations made later by other workers. There 
are several principal surface currents that flow through this region. 
Warm, relatively saline water from the North Atlantic is carried north-
ward along the coast of Norway by the Norwegian Atlantic Current. This 
current branches, with part eventually flowing into the Barents Sea, and 
part flowing northward as the West Spitsbergen Current into the Arctic 
Ocean. Cold, much less saline surface water from the Arctic Ocean is 
carried southward in the East Greenland Current toward Denmark Strait, 
which separates Greenland and Iceland. Some of this cold, less saline 
water spreads eastward at approximately 72°N in the Jan Mayen Current, 
and along the northern coast of Iceland in the East Icelandic Current. 
Swift and Aagaard (1981) divide the upper water layer in this 
region area into three distinct hydrographic regimes: the Atlantic 
domain, the polar domain, and the arctic domain. Atlantic domain water 
has a salinity greater than 35.00, and is usually warmer than 3°C. 
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Polar domain water has a salinity less than 34.40, and is usually colder 
than 0°C. The arctic domain water is found over the transition between 
Atlantic and polar domain waters. 
There are· several major deep basins in the GNS. The mid-ocean 
ridge separates the basins of the GS and NS (see Fig. 12). North of 
73°N, some passages may be as deep as -2400 m, while south of 73°N the 
maximum depth of the passages is less than 2200 m. In the GS, the 
Greenland basin (GB) lies to the north of Jan Mayen Island (Stas. 34, 
14, and 60 are located in the deepest region of this basin; see Fig. 
12). The smaller Boreas basin lies in the north of the GB (Stas. 18 and 
37 are located in this basin). In the NS, the Norwegian basin lies to 
the south-east of Jan Mayen Island, and the Lofoten basin lies to the 
east (Sta. 113 is near the center of the NB, and Sta. 92 is near the 
center of the Lofoten basin; see Fig. 12). In the NS, a long trough 
extends northward from the Lofoten basin, on the east side of the mid-
ocean ridge, to Fram Strait. 
The basins in the GS and NS contain distinct deep water masses: 
Greenland Sea Deep Water (GSDW) and Norwegian Sea Deep Water (NSDW). 
GSDW is colder, fresher, contains higher levels of dissolved oxygen, and 
is slightly denser than NSDW. Swift and Aagaard (1981) classify GSDW as 
water in this region with salinity between 34.88 and 34.90, and tempera-
ture below 0°C, (and usually below -1°C). NSDW water has a characteris-
tic salinity between 34.90 and 34.94, and a temperature usually below 
-0.4°C. Carmack and Aagaard (1973) distinguish between Transitional 
Deep water and Bottom water in the Greenland Basin. Both types have 
salinities between 34.85 and 34.95. Transitional Deep Water has a 
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temperature between 0°C and -1°C, while Bottom Water is colder than 
-1°C. GSDW is restricted mainly to the center of the Greenland Sea 
Gyre, while NSDW is found in both the Norwegian and Iceland Seas, and in 
the trough extending northward towards Fram Strait. On the western 
periphery of the GS, higher salinity deep water may be in part derived 
from deep water from the Arctic Ocean (Aagaard, Carmack, and Swift, 
1985). 
At the southern boundary of the GNS, deep water exchange between 
the deep basins in this region and the Atlantic is restricted by the 
ridge system between Greenland and Scotland, which has a maximum sill 
depth of approximately 800 m. Overflow of water from the GNS across 
this sill plays an important role in the formation of North Atlantic 
Deep Water (NADW). To the north of theGNS, a deep channel west of 
Spitsbergen (Fram Strait) with a sill depth of approximately 2600 m 
allows deep water exchange between the Arctic Ocean and the deep waters 
of this region. Flow northward into the Arctic Ocean has been observed 
along the eastern side of this strait (Swift, Takahashi, and Livingston, 
1983). Flow out from the Arctic along the western side carries water 
with characteristics of the deep Arctic Ocean into the GNS (Aagaard et 
al. 1985). 
Worthington (1970) developed water and heat budgets for the 
Norwegian Sea, and characterized this region as having a mediterranean-
type circulation. In a mediterranean sea, the inflow of surface water 
through a confining passage is balanced by the outflow of denser water 
at depth. In the GNS, the inflow of warm Atlantic water at the surface 
is balanced by the outflow of cold, dense water across the Greenland-
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Scotland Ridge system into the North Atlantic. Worthington (1970) 
estimated that approximately 6x106 m3/sec of Norwegian Atlantic Current 
water is converted to Norwegian Sea Water, representing a net average 
heat flux of 63x1o12 calories/sec from the ocean to the atmosphere. 
Surface cooling of the water carried northward into the Greenland and 
Norwegian seas makes this region an important site of net transfer of 
heat from the ocean to the atmosphere. 
~. Deep Water Formation Processes 
There are a number of hypotheses concerning the formation of 
GSDW, one of the densest water types found in the ocean. Helland-Hansen 
and Nansen (1909) proposed that in the Greenland Sea cyclonic gyre, an 
area of minimal vertical density stratification, the surface layer is 
cooled in late winter to near the freezing point. During this cooling 
process, the density of the surface water increases to a value greater 
than the underlying water. As this cooled water sinks, it is replaced 
by water from below, thus renewing the deep water. This vertical over-
turning process was hypothesized to lead eventually to a homogeneous 
water column. Measurements made in the Greenland Sea gyre during winter 
(Metcalf, 1955), when such processes might be expected to be observed, 
did not detect evidence of such a homogeneous water mass. In the 
absence of direct observations of this process, alternate hypotheses 
have been proposed for deep water formation in the Greenland Sea. A 
model of dense water formation followed by sinking along inclined iso-
pycnals was proposed by Metcalf (1955). Killworth (1979) discusses 
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convective processes and proposes that deep convection in the GNS may 
occur in narrow regions or "chimneys" . 
Carmack and Aagaard (1973) propose that double diffusion is the 
mechanism by which GSDW is formed. In their model, a subsurface layer 
of warm, saline water flowing into the Greenland gyre in winter loses 
heat and salt to the overlying water. In the double diffusion process, 
the transfer of heat occurs more effectively than the transfer of salt. 
This modifies the temperature and salinity characteristics of the sub-
surface layer in a non-linear manner, and increases the density of this 
layer. In their model, Carmack and Aagaard (1973) argne that the modif-
ication of this sub-surface layer by double diffusion processes ulti-
mately leads to the formation of new GSDW. 
In the following sections, various proposed mechanisms for the 
formation of deep water in this region are discussed in light of CFM 
distributions observed during the Hudson 82-001 expedition. Using CFMs 
as transient tracers, estimates are made for the rate of formation of 
deep water in this region. 
One approach to modeling tracer data in the ocean has been 
through the use of box models. In creating such models, a number of 
assumptions are made to simplify complex or poorly understood processes. 
To understand results generated from such models, the assumptions used 
must be carefully examined. Erroneous conclusions can be obtained if 
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the data are inadequate, or if the model's assumptions are inappropri-
ate. At best, box models applied to processes occurring in the ocean 
represent only crude frameworks to study ocean mixing and circulation 
processes. Nevertheless, with limited data, or in the absence of 
detailed knowledge of the mechanisms responsible for the observed dis-
tributions of tracers, simple box models can often provide useful infor-
mation on net movement of water masses. Such modeling can offer insight 
into processes occurring in the real ocean, and thus suggest areas where 
improvement in our understanding of such processes can be made. 
In the Greenland Sea, deep convective mixing can be represented 
by a simple box model in which the actual mechanisms of deep convection 
and the details of its duration and extent need not be specified. Using 
transient tracer data, the rate of exchange between surface and deep 
water can be estimated by this model. 
The propagation of transient tracers into the Greenland and 
Norwegian seas has been modeled for bomb-produced tritium and radiocar-
bon by Peterson and Rooth (1976). Based on an analysis of the tempera-
ture and salinity characteristics of this region, they assumed as a 
first approximation that mixing or convection between surface and deep 
waters occurs only in the Greenland Sea, and that the tracer composition 
of the deep Norwegian Sea is dominated by lateral exchange with the deep 
Greenland Sea. The mean compositions of these basins were represented 
by a two-box model, with variations in surface water input concentra-
tions estimated from the transient behavior of the atmospheric source. 
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A similar model can be used to interpret CFM distributions 
observed in the Greenland and Norwegian seas during the Hudson 82-001 
expedition. A series of stations running approximately north-south 
along the prime meridian is shown in Fig. 13. The northern part of this 
section crosses the Boreas and Greenland basins, while the southern part 
of the section runs across the the Norwegian basin. Jan Mayen Island, 
on the crest of the mid-ocean ridge, lies about in the center of this 
roughly N-S section. The vertical distributions of salinity and poten-
tial temperature at stations along this section are contoured in Figs. 
14 and 15. In these figures, the dominance of relatively warm, saline 
North Atlantic water in the upper layer of the Norwegian Sea can be 
seen. In the Greenland Sea, however, the upper layer is colder, and of 
significantly lower salinity. The slightly warmer and more saline sur-
face water at the northern end of the N-S section (Figs. 14 and 15) 
represent recirculation of surface water carried northward from the NS 
to Fram Strait. 
The deep basin of the Norwegian Sea in this section is filled 
with a near-uniform water mass with a salinity of -34.911, and a poten-
tial temperature approximately -1.05°c. The deep basin of the Greenland 
Sea is filled with water of lower temperature (-1.28°C) and salinity 
(-34.893). 
The F-11 and F-12 data collected at stations along this section 
are contoured in Figs. 16 and 17. There are fewer CFM stations, so the 
sections do not show as much detail as the potential temperature and 
salinity sections. The solubility of F-11 and F-12 in seawater 
increases with decreasing temperature and salinity (M. Warner, personal 
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Figure 13. Station locations used in north-south composite section. 
The northern portion of this section crosses the Greenland 
Sea, and the southern portion crosses the Norwegian Sea. 
Jan Mayen Island is near the middle of this section at 
approximately 72°N. 
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Figure 14. Salinity along the north-south section shown in Figure 13. Dots indicate locations 
of samples. High near-surface salinity in the Norwegian Sea (to the left in this 
figure) shows the influence of North Atlantic Water. 
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Figure 15. Potential temperature along the north-south section shown in Figure 13. Dots indi-
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samples. F-11 concentrations are significantly higher in the deep Greenland Sea 
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Figure 17. F-12 along the north-south section shown in Figure 13. Dots indicate locations of 
samples. F-12 concentrations are significantly higher in the deep Greenland Sea 
(right portion of section) than in the deep Norwegian Sea. 
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communication; Wisegarver and Cline, in press). As predicted from this 
relationship, the highest concentrations of F-11 and F-12 are found in 
the cold, low salinity surface water around Jan Mayen Island and to the 
north in the Greenland Sea. Both CFM sections show progressively lower 
concentrations with increasing depths, reflecting the greater isolation 
of deeper waters from recent air-sea exchange. At depths below 1500 m 
in each basin, the concentrations of F-11 and F-12 are relatively uni-
form, with significantly higher concentrations in the.center of the deep 
Greenland basin. 
In their discussion of the deep circulation of Arctic mediter-
ranean seas, Aagaard et al. (1985) propose a process by which warm 
saline Eurasian Basin Deep Water (EBDW) from the Arctic Ocean enters the 
GNS, and modifies the characteristics of the deep waters of the GNS. 
Near Fram Strait, a core of EBDW is proposed to form and flow into the 
GNS at the depth of the compensation pressure (the pressure where the in 
situ density of the EBDW equals that of the GSDW). Aagaard et al. 
(1985) estimate that near Fram Strait, the compensation pressure for 
the two water masses occurs at a depth of approximately 1900 m. The 
outflow of a core of such warm, high salinity water would flow as a 
western boundary current against the Greenland slope. Aagaard et ~. 
(1985) propose that such an outflow would be modified by the relatively 
fresh, cooler GSDW as it flows around the periphery of the GS cyclonic 
gyre, and eventually cross through gaps in the mid-ocean ridge to the 
north-east of Jan Mayen Island and enter the deep NS. In Fig. 14, 
between roughly 76°N and 78~ (near Fram Strait), the sub-surface salin-
ity maximum centered at approximately 1800 m may reflect the intrusion 
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of high salinity EBDW from the Arctic Ocean, but may also be the result 
of transport of NSDW from the eastern section of Fram Strait, or some 
combination of the two types. In the sections shown in Figs. 16 and 17, 
the CFM concentrations observed in the deep water at the northern and 
southern edges of the GS deep basin are distinctly lower than those 
toward the center, and may reflect the deep flow around the periphery of 
the gyre. The higher CFM concentrations in the deep water near the 
center of the GS cyclonic gyre may be due to penetration during deep 
convective mixing in this region of minimum density stratification. The 
smaller vertical gradient of CFMs in the GS and relatively high deep 
water values are signatures of enhanced vertical transfer. 
Individual vertical profiles of F-11 and F-12 at Sta. 60 near 
the center of the Greenland Sea, and at Sta. 113 in the Norwegian Sea 
are shown on Figs. 18 and 19. For comparison, profiles of potential 
density referenced to a pressure of 2000 decibars <~2 ) are also shown 
for these stations in Fig. 20. Sta. 113, in the NS, shows a strong den-
sity gradient in the upper 1000 m of the water column. Such a strong 
density gradient restricts vertical exchange in the NS. The water 
column at Sta. 60 in the GS is much less stably stratified, but a sharp 
density gradient is evident in the upper 100 m. This sharp gradient is 
due to the presence of a low temperature, low salinity surface layer in 
the Greenland Sea at the time of sampling. Figs. 21-24 compare salin-
ity, temperature, o2 , and o2 saturation at Stas. 60 and 113. The homo-
geneous water column of uniform density proposed by Helland-Hansen and 
Nansen (1909) as characteristic of active deep convective mixing 
processes was clearly not observed at these (or any other) stations 
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Figure 18. F-11 and F-12 concentration as a function of depth at sta-
tion 60, near the center of the Greenland Sea. 
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Figure 23. Oxygen vs depth at stations 60 and 113. Dissolved 0 2 con-
centrations at Sta. 60 in the Greenland Sea Deep Water were 
significantly higher than those in the Norwegian Sea. 
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Figure 24. Oxygen saturation vs depth at stations 60 and 113. 
Apparent oxygen utilization in the deep water at Sta. 60 in 
the Greenland Sea is significantly less than that in the 
Norwegian Sea. 
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sampled during the Hudson 82-001 expedition. However, the near-surface 
densities found at Sta. 60 (a0 and a2 ) and other stations in the Green-
land Sea are remarkably high, and are among the highest found for sur-
face water in the open ocean. Only a small increase in the density of 
the near surface water in this region is required to pr?duce water dense 
enough to initiate deep convective mixing in this region. 
The CFM distributions observed in these sections can be fit to a 
box model similar to one used by Peterson and Rooth (1976). As a first 
approximation in this model, the deep water masses of the two basins, as 
defined by uniform CFM concentrations and potential density profiles, 
are confined by this model to depths below -1500 m and are assumed to be 
of roughly equal volume. The time-dependent conservative behaviors of 
the CFMs in this two-box model are thus given by the following equa-
tions: 
d~= 
dt 
(1) 
(2) 
in which CS, CG and ~ are the CFM concentrations as a function of time 
t in convecting Greenland Sea surface water, GSDW, and NSDW, respec-
tively; ~1 is the exchange coefficient between surface and deep water in 
the Greenland Sea; and ~2 is the lateral exchange coefficient between 
the deep waters of the Greenland and Norwegian seas (see Fig. 25). 
In this model, it is assumed that in Greenland Sea surface 
waters which undergo deep convection the concentrations of F-11 and F-12 
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Figure 25. Box model for mixing in theGNS. 
are proportional to the atmospheric mixing ratios, and that their 
wintertime 1982 concentrations can be estimated from the surface water 
measurements in the GS. In the model calculations, winter 1982 CS values 
of 4.43 pmol/kg for F-11 and 1.74 pmol/kg for F-12 are nsed, which are 
about 3% lower than the average of surface water values at Sta. 60 after 
correction for the estimated effect on gas solubility (Weiss and Kyser, 
1978; Weiss and Price, 1980) of small differences in potential tempera-
ture and salinity compared to GSDW. 
Fig. 1 shows a reconstructed history of the F-11 and F-12 atmos-
pheric mixing ratios over the Greenland and Norwegian seas from the 
period 1930-1982. The atmospheric concentrations as a function of time 
shown in this figure are based on trends derived from release data (for 
the period 1930-1975) and atmospheric monitoring programs (for the 
period 1976-1982). These trends have been normalized to 1982 atmos-
pheric measurements of F-11 and F-12 made in the GNS during the Hudson 
82-001 expedition (see Chapter II for discussion). The time-dependent 
source function CS in the surface water of the GS for each CFM (Fig. 26) 
has been calculated by normalizing these atmospheric mixing ratios to 
the 1982 CS values. In this model, the concentrations of CFMs in the 
surface water undergoing deep convection during the period 1930-1982 are 
assumed to track those in the overlying atmosphere. 
Equations 1 and 2 were integrated numerically, and the values of 
~1 and ~2 were determined by successive ·approximation to match the aver-
age measured 1982 deep water concentrations of 0.76 pmol F-11/kg and 
0.31 pmol F-12/kg in the Greenland Sea, and 0.16 pmol F-11/kg and 0.15 
pmol F-12/kg in the Norwegian Sea. The calculations were carried out 
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Figure 26. Modeled wintertime surface water F-11 and F-12 concentra-
tions in the Greenland Sea. 
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independently for the two CFMs, assuming zero initial concentrations in 
both basins in 1930. Becanse the relative rate of increase of the F-11 
source function is about 40% greater than that of F-12, the two CFMs 
provide a redundant check on the validity of the model. For F-11 the 
model yields the exchange times 1/~1 = 46 ± 3 years for the renewal of 
GSDW by surface exchange, and 1/~2 = 30 ± 5 years for lateral exchange 
between the deep Greenland Sea and the deep Norwegian Sea. The compar-
able results for F-12 are 1/~1 = 39 ± 5 years and 1/~2 = 10 ± 4 years. 
The quoted error limits show the effects of analytical precision on the 
calculations, and do not include systematic effects or errors in the 
model assumptions. 
For deep convective mixing in the Greenland Sea, the model cal-
culations based on the two CFMs give similar results, with an average 
1/~1 exchange time of about 40 years. This value is somewhat greater 
than the exchange time of about 30 years calculated by Peterson and 
Rooth (1976) on the basis of the 1973 tritium and 14c measurements. 
However, it should be noted that the upper boundary of the GSDW in their 
calculations was placed at a depth of 500 m, compared to the value of 
1500 mused in this model. Their model thus includes a shallower portion 
of the water column which is marked by higher tracer concentrations and 
is therefore subject to more rapid vertical exchange. The results of 
CFM model calculations using the same depth intervals as Peterson and 
Rooth (1976), yield 1/~1 values of 34 years for F-11 and 29 years for 
F-12, which are in good agreement with their results. 
For lateral exchange between the deep Greenland Sea and the deep 
Norwegian Sea, the model calculations based on the two CFMs are in poor 
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agreement, with the value of 1/~2 based on F-11 being about three times 
greater than the value based on F-12. These calculated exchange rates 
are subject to larger errors because of the greater influence on more 
isolated water masses of uncertainties in the earlier atmospheric 
release histories, and because of the analytical difficulties associated 
with accurately measuring the extremely low concentrations found in the 
deep Norwegian Sea. The latter is especially true for the measurement 
of F-12, which has a lower solubility and is therefore more vulnerable 
to contamination by the admixture of small amounts of air. This problem 
was compounded aboard CSS Hudson by exceptionally high levels of F-12 
contamination observed in air samples collected in the water sampling 
areas and laboratory. 
It is difficult to estimate accurately the levels of any sys-
tematic F-11 or F-12 contamination blank in water samples analyzed dur-
ing the Hudson 82-001 expedition. Easily measurable levels of both F-11 
and F-12 were found throughout the water column at all depths at the 
stations sampled during this expedition. Unlike the later TAS expedi-
tion, there were no obvious regions where CFM-free water might be 
expected to be sampled. During the TAS expedition, measured F-11 and 
F-12 concentrations were typically about 0.005-0.010 pmol/kg in samples 
collected in ten liter Niskin bottles from regions thought to be essen-
tially CFM-free. During the Hudson 82-001 expedition, blanks due to 0-
rings, wall effects, etc. for the smaller five liter Niskin bottles used 
in sampling might be expected to be larger by a factor of two or more. 
Contamination during the water sample drawing process in the enclosed 
room on the Hudson might also produce larger and more variable blanks. 
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In the deep water of the central Norwegian Sea, the distribution 
of salinity, temperature (see Figs. 14 and 15), and other properties are 
quite uniform. At stations in this region sampled for CFMs (Stas, 88, 
92, 113, and 116; see Fig. 12), the F-11 and F-12 concentrations meas-
ured in the deep water samples are among the lowest observed for the 
entire expedition. The concentrations of CFM measured in samples from 
below 2000 m at these stations averaged: 
F-11 = 0.12±0.02 pmol/kg 
F-12 = 0.14±0.04 pmol/kg 
The sample standard deviation for F-12 in samples collected in such a 
uniform water mass is somewhat higher than that for F-11, and may 
reflect a higher and more variable F-12 blank for water samples. 
Although systematic blanks cannot be determined with certainty, a possi-
ble F-12 blank of the order of 0.05 pmol/kg cannot be excluded. Apply-
ing a blank correction of about 0.05 pmol/kg to the F-12 data used in 
this model brings the model calculations for the two CFMs into good 
agreement. Since the F-12 measurements seem more vulnerable to contami-
nation, greater weight has been placed on the F-11 measurements in 
estimating 1/~2 to be on the order of 20-30 years. 
By comparison, Peterson and Rooth (1976) have estimated 1/~2 to 
be at least 100 years, based on the 1973 measurements showing essen-
tially no tritium or bomb-produced radiocarbon in the deep Norwegian Sea 
(Ostlund et AJ., 1974). However, more recent measurements in 1976 
(Hahne, Volz, Ehhalt, Cosatto, Roether, Weiss, and Kromer, 1978) and in 
1981 (Lee and Peterson, 1982), now find significant tritium 
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concentrations in Norwegian Sea deep water which are roughly consistent 
with the lower 1/~2 values calculated from the CFM data. The increase 
in tritium observed between 1973 and 1976 in deep Norwegian Sea samples 
is consistent with a significant increase in the rate of exchange during 
this period. The CFM measurements made during the Hudson 1982 expedi-
tion clearly point to a more rapid exchange rate than that estimated by 
Peterson and Rooth (1976) for the period prior to 1973. 
Significant temporal changes in the characteristics of large 
sub-surface water masses have been observed in a number of regions. In 
the Southern Ocean, for example, temperature and salinity changes in the 
properties of Weddell Deep Water have been observed between 1973 and 
1977 (Gordon, 1982). Although there was an overall cooling of this 
water mass by about 0.2°C there was no increase in density because there 
was also an average decrease of 0.02 in salinity. The temperature-
salinity changes extended from the surface to a depth of approximately 
2700 m. Such changes in the properties of Weddell Sea Deep Water may be 
accompanied by changes in the production rates of the abyssal waters 
formed in this region, and transported into the interior of the ocean 
basins. Brewer, Broecker, Jenkins, Rhines, Rooth, Swift, Takahashi, and 
Williams, (1983) discuss changes observed over the past two decades in 
the properties of NADW north of 50°N. Significant cooling and freshen-
ing were observed in a large portion of the deep water in this region. 
These changes are believed to reflect changes in surface water charac-
teristics of the formation regions of the components making up this 
major deep water mass, and are related to large-scale climatic varia-
tions in these regions. 
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Studies of the long term climatic "normals" in the GNS region 
(Dickson, Lamb, Malmberg, and Colebrook, 1975) reveal multi-year inter-
vals where the mean annual sea level atmospheric pressure, air tempera-
ture# southern extension of sea ice, and surface current patterns show 
significant deviations from the long-term mean. For example, during the 
period 1964-1974, anomalously low (relative to the 1950-1958 mean) tem-
peratures and salinities were observed during June in water samples col-
lected at a depth of 25 m between Jan Mayen Island and Iceland. Slight 
changes in surface salinity in the GNS may determine if wintertime cool-
ing results in the formation of sea ice, or in the production of dense 
water that can sink and mix with the underlying water. The rate of for-
mation of deep· water in theGNS, and the exchange of water between the 
GNS and other regions is unlikely to be a steady-state process, nor is 
the production of GSDW likely to be an annual event of fixed magnitude: 
deep water production most probably occurs irregularly, and the volume 
formed over an interval of a year or longer may vary significantly from 
any long-term mean production rate. 
~.~ The Deep Convective Process 
The box model treats deep convection as a process by which sur-
face water is exchanged with deep water, and does not specify the 
details of the proposed convective mixing process. Direct observations 
of active deep convective mixing in the Greenland Sea have not been 
reported. There have been, however, observations of intense vertical 
mixing in homogeneous water columns (deep convection) in locations 
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outside of the Greenland Sea. In the northwest Mediterranean, deep 
water formation is thought to occur annually (Lacombe, Tchernia, Ribit, 
Bonnot, Frassetto, Swallow, Miller, and Stommel, 1970). This process 
.has been proposed to occur in three phases. A "pre-conditioning 
phase" causes doming of isopycnals in the center of a cyclonic gyre, 
and a reduction of static stability. This is followed by a period of 
intense vertical mixing in the center of the pre-conditioned area, and 
finally by a breakup of this feature. In the Weddell Sea during the 
Austral summer of 1977, Gordon (1978) observed a small (-14 km radius) 
cyclonic eddy extending to a depth of 4000 m. Instead of the usual sum-
mer stratification in this region, this eddy consisted of a low salinity 
near-surface layer extending to 190 m, overlying a nearly homogeneous 
water column. It was hypothesized that this feature was the remnant of 
a deep convective event, and that such features may be relatively common 
in the central portion of the Weddell Gyre. Such processes may contri-
bute significantly to deep vertical exchange in the Antarctic, and may 
provide an important component to the Antarctic Bottom Water. Gordon 
(1982) discusses the relationship of such features to the large, ice-
free regions (polynyas) observed in the Weddell Sea during some Antarc-
tic winters. Such ice-free regions may be correlated with enhanced 
ocean heat loss, a statically unstable water column, and deep convec-
tion. 
Evidence for deep convective mixing process has also been 
reported in the Labrador Sea (Lazier, 1973). In April 1967 a nearly 
homogeneous layer was found extending from the surface to 1500 m. Nei-
ther the frequency of such events in the Labrador Sea, nor the volume of 
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new water formed could be determined from this single observation. 
The absence of direct observations of deep convective mixing in 
the Greenland Sea does not prove that such events do not occur. At 
present, very few winter expeditions have been made to the Greenland 
Sea, and the hydrographic coverage is relatively limited. Using models 
based on the size of the "chimneys" observed by Gordon (1978) in the 
Weddell Sea, and of the volume of deep water thought to be formed annu-
ally in the Greenland Sea (Carmack and Aagaard, 1973), Killworth (1979) 
discusses the number and sizes of such chimneys that might be expected 
to form during a given winter season in the Greenland Sea, and the pro-
bability of encountering such a feature during a winter expedition: for 
chimneys having a lifetime of one month, there is only about a 0.003 
probability of encountering such a feature at a given station in the 
GNS. It is possible that simply not enough wintertime studies have been 
mad~ in this region to insure a reasonably good probability of 
encountering active deep water convection. Such direct observations 
would be extremely valuable. Observations of active deep water convec-
tion in the Greenland Sea would allow the distribution of CFMs and other 
properties in the water column during such a process to be character-
ized, and the CFM content of the newly formed deep water to be deter-
mined directly. 
The box model presented above assumes that the concentrations of 
CFMs in newly formed GSDW are proportional to the atmospheric concentra-
tions. This assumption requires that the surface water exchange with 
the atmosphere, and that the invasion rate of these gases into the ocean 
be rapid enough to maintain the flux of CFlls into deep water, even 
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though convection or heating or cooling may produce surface concentra-
tions which are not at equilibrium with the atmosphere. 
The air-sea gas exchange rate has been studied using a "stag-
nant film" model (Broecker and Peng. 1974). In this model. a thin film 
of water at the surface acts as a barrier controlling the rate of gas 
transfer between the overlying atmosphere and the bulk of the underlying 
surface water. Gases exchanging across the air-sea interface must pass 
across this "stagnant film" boundary by molecular diffusion. The gas 
contents of the near-surface atmosphere above the film and of the near-
surface water below the film are assumed to be well-mixed. The concen-
tration of dissolved gas at the upper boundary of the film (C ) is 
a 
assumed to be in ·equilibrium with the atmosphere. At the lower boundary 
of the film, the dissolved concentration (Cs) is assumed to be that of 
the bulk of the near surface water. The rate of net gas transfer 
between the air and water reservoirs is proportional to the difference 
in concentrations (Ca-Cs) across the stagnant film layer, the diffusion 
coefficient of the gas in seawater (D), and inversely proportional to 
the stagnant film layer thickness (z). In this stagnant film model, 
flux is expressed as: 
F = (D/z) (C -C ) 
a s 
The diffusion coefficient is a function of the temperature of the seawa-
ter, and the molecular weight (MW) of the gas. The diffusion coeffi-
cients for gases in seawater near 0°C range from about 0.7xl0-5cm2/sec 
(222Rn) to 2.0x10-5cm2/sec (4He). The diffusion coefficients for CFMs 
such as F-11 (MW = 137) and F-12 (MW = 120) in seawater should lie 
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between these two extrema. In this model, average stagnant film 
thicknesses at a particular location are functions of the wind velocity, 
and sea state, and have been estimated using Rn and 14c data (Broecker 
and Peng, 1982). In the stagnant film model, the ratio D/z (piston 
velocity) of a gas gives an estimate of the rate in which the dissolved 
gases in a column of water can exchange with the atmosphere. Typical 
values of the piston velocity are of the order of 1200 m/yr (Broecker 
and Peng, 1982). For mixed layers of 20-100 m, such estimates of piston 
velocities yield exchange times in the mixed layer for dissolved gases 
such as 02 , N2 , N20, etc. of from one week to one month. Based on the 
piston velocities estimated by Broecker and Peng (1982), and estimates 
of diffusion coefficients for those compounds, the exchange times for 
F-11 and F-12 in the surface layer in the stagnant film model should be 
of the same order as those for other gases. 
In areas where a mixed layer is present in the upper ocean, and 
free exchange with the atmosphere is possible, the CFM concentrations in 
the mixed layer should be relatively uniform, and should closely track 
the increase in atmospheric concentrations. Such mixed layers of nearly 
uniform CFM concentration were observed at a number of stations occupied 
during the Hudson 82-001 expedition (see Fig. 19) in the NS, at most 
stations during the TAS expedition in the tropical Atlantic, and have 
been reported by other workers (Gammon et al., 1982; Hammer et al., 
1978) in the North Atlantic and North Pacific. 
In the model proposed by Helland-Hausen and Nansen (1909), at 
the onset of winter cooling, surface water present in the the mixed 
layer in the Greenland Sea during summer would gradually become denser, 
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and eventually undergo the process of deep convection. The dissolved 
CFMs in this mixed layer, at equilibrium with the overlying atmosphere, 
would be mixed into the pool of GSDW. After the breakup of the mixed 
layer and formation of the homogeneous water mass (of CFM concentration 
C6 ), the effective gradient at which air-sea gas exchange would occur in 
the stagnant film model would be (C -C )/z for the duration of the con-
a G 
vective event. With the finite gas-exchange rate predicted in the stag-
nant film model, the homogeneous, deep convecting water column would not 
instantly come into solubility equilibrium with the overlying atmo-
sphere. The CFM invasion rate in this model would be limited by the 
exchange process across the air-sea boundary. The amount of CFMs 
transferred into the deep water would be determined by the flux across 
the interface, and by the duration and areal extent of the deep convec-
tive event. In the box model discussed earlier, the CFM derived verti-
cal exchange coefficient (~1 ) between the water in the deep GS box and 
the surface layer is -0.02S yr-1 . For a deep GS box of thickness 
2000 m, this exchange is equivalent to injecting a SO m layer of surface 
water into the deep box annually. In the stagnant film model, during a 
deep convective event, with a CFM difference at the air-sea interface 
Ca~c6 , and a piston velocity of 1200 m/yr, a net amount of CFM 
equivalent to a SO m layer of GS surface water can be transferred into 
the water column in about two weeks. 
Without field observations, such estimates of the duration of 
deep convection in this region, or of the rate of CFM flux into the 
water column during such events, are subject to large uncertainties. 
Calculated piston velocities vary as a function of location and season 
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(Broecker and Peng, 1982), and actual transfer rates for CFM into the 
deep water of the GNS during a winter-time convective event could easily 
differ from those predicted by this model by a factor of two or more. 
For models that assume that deep convective mixing occurs in 
very limited areas (chimneys), the rate of transfer of atmospheric CFM 
into the deep Greenland sea during deep convection might also be signi-
ficantly limited by gas exchange rates at the air-sea interface •. Gordon 
(1978) studied the 02 distribution in a chimney in the Weddell Gyre, and 
found that the strongest penetration of 02 into the chimney was limited 
to the upper 300 m of the water column. 
In polar regions, during periods of active wintertime convec-
tion, the surface water may not be in free communication with the atmo-
sphere. During Feb 1982, a large fraction of the Greenland Sea was 
covered with sea ice (see Fig. 11). Under conditions of ice cover, air-
sea gas exchange is severely restricted. During deep convection mixing, 
near surface CFM concentrations in such ice-covered areas would not con-
tinue to track the CFM concentration in the overlying atmosphere. 
Under conditions of rate-limited air-sea gas exchange, or under 
ice cover, the near surface CFM concentrations during active deep con-
vection may drop significantly below atmospheric solubility equilibrium, 
as deep water containing low CFM concentrations is mixed into the upper 
layer. F-12 solubility data (M. Warner, personal communication; Cline 
and Wisegarver, in press) indicate that this gas may be undersaturated 
(by 10-25%) in the surface water at a number of stations in the-Green-
land Sea during Feb 1982. If the actual dissolved C~! concentrations in 
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newly formed GSDW during deep convective mixing events are lower than 
the surface concentrations observed during the Hudson 82-001 expedition, 
then the exchange times derived in the previous box model would only 
establish lower limits for the rate of GSDW renewal during wintertime 
convection. The actual GSDW renewal rate in such situations would be 
greater than that derived in the box model using the measurements of CFM 
distribution made during the Hudson 82-001 expedition. 
During rapid cooling of a surface layer, dissolved CFM concen-
trations may become undersaturated, even in the absence of ice cover. 
Undersaturations can result if cooling occurs more rapidly than air-sea 
gas exchange can re-establish the equilibrium concentrations of the dis-
solved gases at the new temperature. At salinities near 35, and tem-
peratures around 0°C, the solubilities of F-11 and F-12 in seawater 
change by about 6%/°C. Rapid cooling of near surface water by several 
degrees may produce significant undersaturations of dissolved gases. 
~-I ~Double Diffusion Model 
Carmack and Aagaard (1973) performed winter and summer 
volumetric censuses of the water masses in the Greenland Sea, based on 
data collected mostly during I.G.Y. cruises in 1958. They also compared 
sections of salinity and temperature from this region at about 75°N 
between 10°E and 7°W during February 1954 and April 1966. In the sec-
tions from Feb. 1954, well-developed subsurface maxima of temperature 
and salinity were observed in the upper 500 m of the water column. 
These maxima extend from about 10°E toward the center of the Greenland 
116 
Gyre. Carmack and Aagaard (1973) propose that such maxima represent 
tongues of modified Atlantic Water that undergo cooling during mid and 
late winter as they flow around the gyre toward the center of the Green-
land Sea. 
Carmack and Aagaard (1973) argue that deep water formation in 
the Greenland Sea involves a double diffusive processes coupling two 
separate convective regimes. In their model, deep water is formed by a 
subsurface modification of Atlantic Water flowing into the Greenland 
Gyre. This Atlantic Water is overlain by a layer of cold, less saline 
surface water. The upper layer loses heat to the atmosphere, and is 
warmed from below by the layer of Atlantic water. As a result of this 
process, the upper layer overturns. As the Atlantic water at the inter-
face with the surface layer is cooled, it is replaced by warmer water 
from below. In this manner, heat is transferred from the Atlantic water 
core through the surface layer to the atmosphere. Carmack and Aagaard 
(1973) propose that, as a consequence of the more rapid transfer of heat 
than of salt in double-diffusion, the lower layer cools relatively 
rapidly while retaining its relatively high salinity. Eventually this 
water becomes dense enough to form GSDW. On a T-S diagram for such a 
process, a line through the points along this subsurface tongue would 
intersect the region of GSDW. 
Fig. 27 shows a line of hydrostations at about 74°N, extending 
from about 17°E in the Norwegian Sea to about 5°W in the central region 
of the Greenland Sea. Sections of salinity and temperature along this 
E-W line, collected during late winter of 1982 during the Hudson 82-001 
expedition, are shown in Figs. 28 and 29. The upper layer of the 
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Figure 27. Station locations along the east-west section at approxi-
mately 74° N. The Norwegian Sea lies to the right (east) 
of the Greenland Sea in this section. 
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Figure 28. Salinity along the east-west section shown in Figure 23. 
The high near-surface salinity in the Norwegian Sea can be 
followed as a subsurface maximum at about 200m at Sta. 67, 
66, 65, 64. 
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Figure 29. Potential temperature along the east-west section shown in 
Figure 23. A subsurface temperature maximum can be 
observed extending from the Norwegian Sea toward the center 
of the Greenland Sea. 
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Norwegian Sea in this section is dominated by warm saline water of the 
Norwegian Atlantic Current. Surface temperatures decrease rapidly mov-
ing westward into the Greenland Sea. At about 8°E, a distinct, sub-
surface temperature maximum is evident at about 200 m, and this feature 
can be followed nearly to the center of the Greenland Gyre. The accom-
panying salinity maximum found at about 200 m at Sta. 67 can be traced 
westward only to Sta. 64. West of Sta. 64, in the central region of the 
Greenland Sea, the salinity maximum is absent, and sub-surface salinity 
values are close to those characteristic of GSDW. Sections of F-11 and 
F-12 from the same region are shown in Figs. 30 and 31. The highest 
concentrations of both CFMs are found in the near surface water in the 
GS. At Sta. 71 in the NS, the upper 400 m of the water column is nearly 
homogeneous in CFM concentration. In the GS (Stas. 66, 63, 14, and 60) 
below about 1000 m, CFM isopleths deepen sharply, with F-11 concentra-
tions in the deep water below 1500 m in these sections ranging from 
0.6-1.0 pmol/kg, and F-12 concentrations from 0.3-0.6 pmol/kg. 
By following the core of warm high-salinity water extending into 
the GS, an estimate can be made of the ratio of the diffusive flux rates 
of salt to heat from the core to the overlying water. The temperatures 
and salinities at the depth of the salinity maximum observed at Stas. 
64-67 are plotted in Fig. 32. Typical GSDW, the presumed endpoint of 
the modifications, is also shown in this figure. Assuming the specific 
heat (Cp) and density of seawater (p) equal unity, a linear regression 
of temperature vs salinity for the points in the high salinity core (at 
Stas. 66, 67, 64, 65) along with the GSDW end member gives the flux 
ratio of heat to salt (FhfFs) of 30. From Fick's Law, the fluxes of 
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Figure 30. F-11 along the east-west section shown in Figure 23. F-11 
concentrations in the deep Greenland Sea are significantly 
higher than those in the Norwegian Sea. 
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Figure 31. F-12 along the east-west section shown in Figure 23. F-12 
concentrations in the deep Greenland Sea are significantly 
higher than those in the Norwegian Sea. 
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land Sea Deep Water is also shown. 
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heat and salt are proportional to the diffusion coefficients for heat 
and salt (Kt and Ks respectively) and to the temperature and salinity 
gradients. If dT/dZ and dS/dZ are the vertical gradients in temperature 
and salinity between the core of the Atlantic Water and the overlying 
surface water, then the ratio of the diffusion coefficients can be 
expressed as: 
Temperatures and salinities at the subsurface salinity maximum observed 
at Stas. 64-67 are plotted in Fig. 33, together with the corre·sponding 
surface values. The mean slope of the lines connecting the core and 
surface values at these stations (dT/dS) is about 8. This value 
represents the ratio of the average gradients over which double diffu-
sion of salt and heat between the core and the surface would occur. The 
observed ratios dT/dS = 8, and Fh/Fs = 30, yield a ratio of Ks/Kh = 
0.37, i.e. the apparent diffusion coefficient of salt in this model is 
only about 1/3 of that for heat. This ratio is similar to that obtained 
by Carmack and Aagaard (1973) using data collected in this region during 
the February 1954 Atka expedition. 
CFM data are available only at one station (Sta. 66) in the E-W 
section where a well-defined subsurface salinity maximum was present. 
Without additional stations along the core, the flux ratio of CFM to 
heat cannot be determined directly. The molecular diffusivities of F-11 
and F-12 can be estimated to be -1x10-5 cm2/sec, based on data for other 
gases. This value is of the same order as that of NaCl in seawater at 
temperatures near 0°C (0.7x10-5), and is significantly lower than 
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Figure 33. Temperature vs salinity at the salinity maximum at stations 
64, 65, 66, 67, together with corresponding surface tem-
peratures and salinities. The mean slope connecting these 
points is - 8°C/mil. (Filled symbols are surface samples, 
empty symbols are samples in the salinity maximum.) 
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estimates of the thermal diffusivity in seawater (-139xl0-5) at 0°c 
(Fofonoff, 1962). The transport coefficient (Flux/gradient) of a dis-
solved substance depends upon both the molecular diffusion coefficient 
and on the conditions at the diffusive interface (Turner, Shirtcliffe, 
and Brewer, 1970). Some separation of components may occur in a double 
diffusive situation. In Lake Kivu, for example, Griffiths (1979) com-
. . + ~ pares the transport coefficients for maJor 1ons such as Na , Ca , and 
Mg+2 and finds that these values decrease in the order of molecular dif-
fusion coefficients. During double diffusion, some separation of dis-
solved components may result in such situations. Although the transfer 
coefficients of salt, F-11, and F-12 in the subsurface core layer in a 
double diffusion regime in the GS may not be identical, these differ-
ences are probably slight relative to large differences between the 
coefficients for dissolved substances and for heat. 
The extent of modification of the CFM content of the core during 
conversion to GSDW in a double diffusive process can be estimated from 
the salinity relationships of the parent water masses. At Sta. 66, the 
F-11 and F-12 concentrations at the salinity maximum (S = 35.023) are 
3.65 and 1.57 pmol/kg respectively. Assuming a mean surface salinity in 
the central GS of 34.7, the equivalent of an admixture of approximately 
0.7 volumes of surface water to each volume of Atlantic core water is 
required during the double diffusion process to reduce the salinity at 
this station to that of typical GSDW (34.89). The admixture of this 
proportion of GS surface water (with a mean F-11 and F-12 concentrations 
of 4.20 and 1.84 pmol/kg in this E-W section) would increase the cm1 
concentrations seen at the high salinity core at Sta. 66 to -3.88 
pmol/kg for F-11 and -1.68 pmol/kg for F-12 at the completion of the 
modification process. Although originally at equilibrium at the tem-
perature and salinity of the Atlantic water, because of double-diffusive 
cooling in the subsurface core, the CFM concentrations present in the 
newly formed GSDW end member would be undersaturated relative to the 
overlying atmosphere. 
As a result of double diffusion, the water forming new GSDW in 
this model can be cooled in a subsurface layer without the CFM concen-
tration of that layer coming into equilibrium with the overlying atmo-
sphere. In such a case, the CFM concentration in the subsurface core 
reflects the CFM concentration in the warmer parent Atlantic Water, 
modified to some extent by mixing with the surrounding water during 
transport and cooling. 
If the concentration of CFM in the components that contribute to 
the formation of GSDW in the double diffusion model (NA core water and 
GS surface water) are assumed to track the atmospheric concentrations, 
then the concentrations of CFM as a function of time in water forming 
GSDW can be estimated by normalizing the calculated 1982 CFM concentra-
tions of the end product of double diffusion (F-11 = 3.88 pmol/kg, F-12 
= 1.68 pmol/kg) to the atmospheric input function shown in Fig. 1. The 
estimated CFM concentrations in new GSDW (C8 ) formed by double diffusion 
are about 10% lower than the c8 values 'Used in the previous model, where 
the CFM concentrations in new GSDW were obtained from GS surface meas-
urements. Using the box model described earlier, and the technique of 
successive approximations, mixing coefficients can be obtained to fit 
the double diffusion derived values of c8 and the observed 
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concentrations of F-11 and F-12 in the deep basins of the GS (CG) and NS 
(CN) in 1982. Mixing coefficients (~1 and ~2 ) obtained by this tech-
nique for F-11 and F-12 are within about 10% of those in the previous 
box model, even though the proposed deep water formation processes are 
distinctly different. For situations where a large gradient exists 
between CS and CG, and where the atmospheric CFM concentrations are 
increasing rapidly, the box model for the GNS is relatively insensitive 
to small differences in the CFM concentrations of newly forming GSDW. 
I· Outflow from the Greenland and Norwegian Seas 
1·1 Outflow into the Arctic Ocean 
In addition to producing the deep water present in the Greenland 
and Norwegian Seas, this region also acts as a source of deep water mov-
ing northward into the Arctic Ocean, and southward into the Atlantic 
Ocean. Deep water exchange between the Arctic Ocean and the Greenland-
Norwegian Sea occurs between Greenland and Spitsbergen through a deep 
passage in Fram Strait. The sill depth in this passage is about 2600 m. 
Aagaard (1981), Swift~ al. (1983), and Aagaard ~ al. (1985) discuss 
·the water types present in this area, and their potential contribution 
to the formation of Arctic Ocean Deep Water (AODW). During the TTO-NAS 
study, at stations occupied in Fram Strait, Swift et al. (1983) observed 
a deep thick layer (-1300 m) of NSDW. At some stations underlying the 
NSDW was a thin (-100 m) bottom layer of colder, less salty GSDW, with a 
high 02 content. Because both of these deep water types have lower 
salinities than AODW, an additional component of dense, high salinity 
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water must contribute to the formation of AODW. Such a high salinity 
component of AODW may form on the margins of the Arctic Ocean, and flow 
into the deep Arctic Ocean (Aagaard, 1981; Swift et al., 1983). As 
further evidence for an additional component in AODW formation, Swift et 
al. (1983) argue that the 137cs and 90sr concentrations in the AODW are 
higher than those found in either the GSDW or NSDW components. Barents 
Sea water, with high 137cs and 90sr concentrations, is proposed as a 
possible source of the high salinity, dense_ component of AODW. 
During the Hudson expedition, a series of stations were occupied 
across Fram Strait at about 79°N. CFM samples were collected at Stas. 
43 and 46, the eastern and western ends of the section, as well as at 
Sta. 41, to the south of the sill (see Fig. 12). During this period of 
the expedition, a number of samples collected for CFM analysis show con-
siderable scatter in F-12 concentration, possibly due to the presence of 
exceptionally high levels of shipboard contamination, so greater 
emphasis should be placed on the F-11 data. Temperature, salinity and 
02 data (Figs. 34, 35, and 36) from deep samples at Sta. 41 show a 
strong influence of GSDW. Below a depth of 1500 mat Sta. 41 (Fig. 37), 
the average F-11 concentration is -0.40 pmol/kg, which is significantly 
higher than that of deep NSDW observed at other stations (see Fig. 19). 
The deep water temperatures and salinities at Stas. 43 and 46 show tem-
perature and salinity properties which are more characteristic of NSDW. 
The very high salinity of the deep water at Sta. 43 may reflect the 
influence of deep Arctic Ocean water at this location. The F-11 concen-
trations at depths below 1500 mat these stations average -0.24-pmol/kg, 
which is significantly lower than that at Sta. 41, and similar to deep 
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Figure 34. Temperature vs depth at stations 41, 43, and 46 near the 
Fram Strait. The lower deep water temperatures at Sta. 41 
are characteristic of GSDW. 
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Figure 35. Salinity vs depth at stations 41, 43, and 46 near the Fram 
Strait. The high salinity in the deep water at Sta. 43 is 
characteristic of NSDW, with perhaps the influence of Arc-
tic Ocean Deep Water. 
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Figure 37. F-11 vs depth at stations 41, 43, and 46 near the Fram 
Strait. F-11 concentrations in the deep water of Sta. 41 
are somewhat higher than found at Sta. 46, and characteris-
tic of GSDW. F-11 concentrations in the deep water at Sta. 
43 are more characteristic of NSDW. Inflow of either water 
type into the Arctic Ocean would carry relatively low CFM 
concentrations. 
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NSDW observed at other stations. 
If the F-11 concentrations measured in the deep water at these 
stations are representative of water now entering the deep Arctic Ocean 
through Fram Strait, then the concentrations of CFMs in the modern GNS 
component contributing to the AODW is relatively low. Without an addi-
tional source of CFM rich water (e.g., from a dense, more saline com-
ponent formed in marginal seas), the CFM concentrations in AODW should 
be relatively low, based on these measurements in Fram Strait and on the 
history of CFM concentrations in the GSDW and NSDW components given by 
the box models discussed above. Further studies of CFMs and other 
tracers in the Arctic Ocean should improve our understanding of the for-
mation of AODW, and of the mixing and circulation processes in the Arc-
tic Ocean. 
~.1 Outflow into the North Atlantic 
The Greenland-Norwegian Sea acts as a source region for dense 
water which spills over the Greenland-Scotland Ridge system and enters 
the deep basins of the· North Atlantic. The overflow of this GNS com-
ponent across these ridges, and subsequent entrainment of surrounding 
water, leads to the formation of North Atlantic Deep Water. There are 
three major sills where significant overflow is thought to occur: Den-
mark Strait, between Greenland and Iceland (sill depth -600 m) ; the 
Iceland-Faeroe Ridge (sill depth -450 m); and the Faeroe Bank Channel, 
between the Faeroe and Shetland Islands (sill depth -850 m). The 
Iceland-Faeroe Ridge and the Faeroe Bank Channel are often referred to 
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collectively as the Iceland-Scotland Ridge. Lee and Ellett (1967) dis-
cuss the importance of these outflows to the formation of deep water in 
the North Atlantic, and describe the general characteristics of three 
deep water masses found in the Northwest Atlantic: Labrador Sea Water 
(LSW); Northeast Atlantic Deep Water (NEADW); and Northwest Atlantic 
Bottom Water (NWABW). NEADW is the product of overflow and entrainment 
of water at the Iceland-Scotland Ridges, while NWABW is the result of 
overflow and entrainment of water across Denmark Strait. Mixing of the 
two denser types, the NWABW and the NEADW, is proposed to lead to the 
formation of North Atlantic Deep Water. Using GEOSECS data, Broecker, 
Takahashi, and Li (1976) discuss the formation of a "Northern Com-
ponent" water (NCW) in their study of the hydrography of the north 
Atlantic. The NCW described in this work is similar to the NADW 
described by Lee and Ellett (1967). Using temperature and salinity pro-
perties, Broecker £1 al. (1976) discuss three sources of NCW: Gibbs 
Fracture Zone Water (GFZW); Denmark Straits Water (DSW); and Labrador 
Sea Water; and estimate the fraction of each in NCW. GFZW is derived 
from the overflows between Iceland and Scotland, and flows into the 
western basin of the North Atlantic through the Charlie-Gibbs Fracture 
Zone. 
The subsurface Atlantic Water that lies to the west of Iceland 
downstream of the sill is cooler and fresher than that to the east. 
Therefore, although the origin of the three outflows is in the Norwegian 
Sea, the resultant mixture produced by Denmark Strait overflow is signi-
ficantly cooler and fresher than that.from the Iceland-Scotland Ridge 
system. 
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Estimates of the volume transport of the overflow and subsequent 
entrainment have been made by a number of workers. The overflow is 
intermittent and properties of the overflow water can be highly variable 
(Warren, 1981). The outflow of Norwegian Sea water over the sill 
6 3 between Iceland and Scotland is estimated to be about lxlO m /sec 
(Crease, 1965). The overflow near the sill at Denmark Strait is of the 
order of 1.3x106 m3/sec (Smith, 1975). Subsequent entrainment of water 
as these outflows move away from the sills results in a combined flow of 
about 10x106 m3/sec south of Greenland (Swallow and Worthington, 1969). 
The northern component of overflow from the Iceland-Faeroe Ridge 
and from the Faeroe Bank Channel originates in the GNS. The sill depth 
of Faeroe Bank Channel is about 850 m, the deepest passage in the 
Greenland-Scotland Ridge System. The sill at the Iceland-Faeroe ridge 
is wide and shallow (480.m) and has no distinct cross channels (Meincke, 
1972). The overflow contribution from the Iceland-Faeroe ridge is 
thought to be less than that through the Faeroe Bank Channel (Swift, 
1984). 
During the Hudson expedition, several stations were occupied in 
the Shetland-Faeroe overflow area. No stations were occupied in the 
other overflow regions, or to the south where entrainment of North 
Atlantic water could be observed. Estimates of the F-11 and F-12 con-
centrations of the GNS component of the overflow can be made based on 
measurements made in the GNS and on the characteristics of water over-
flowing the ridges. Although NSDW is the densest water immediately to 
the north of the sills, it is not believed to be the main component con-
· tributing to Denmark Strait or Iceland-Scotland overflows (Swift, 1984). 
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Based on temperature and salinity as well as tritium measurements 
(Peterson and Rooth, 1976; Swift, Aagaard and Malmberg, 1980), the 
source of the overflow is thought to be the intermediate water to the 
north of the ridges. Swift (1984) discusses data collected in the 
Faeroe Bank Channel during the Overflow 60 e.xpedition. The densest 
water (potential temperature -0.57°C, salinity -34.923) found at the 
sill level at that time had a density a0 = 28.073. Tritium levels at 
this density level in the NS (Ostlund, Dorsey, and Brescher, 1976) were 
significantly higher than those found in deep NSDW. Downstream of the 
sill, the density of the overflowing bottom water decreases rapidly as 
it mixes with the surrounding waters. Properties of this density level 
at the sill (i.e. temperature, salinity, 02 , etc.) are similar to those 
at the corresponding isopycnal in the NS, north of this channel. 
CFM samples were collected at two stations (Stas. 126 and 129) 
in the Faeroe-Shetland Ridge area during the Hudson 82-001 expedition. 
At the depth of the a 0 = 28.073 isopycnal (-900 m) the CFM concentra-
tions observed at these stations were -0.6 pmol/kg in F-11 and -0.3 in 
F-12 pmol/kg (see Figs. 38 and 39). These concentrations are about a 
factor of five lower than modern surface water in the GNS in equilibrium 
with the atmosphere, but are significantly higher than those in typical 
NSDW. Overflow water from this density level in the NS across the 
Iceland-Scotland Ridges should carry a distinct CFM signal into the deep 
Northeast Atlantic Ocean. 
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Figure 38. F-11 and F-12 vs a0 at station 126, near the Faeroe Bank Channel. The density of water at the sill depth in this 
channel is ao- 28.073. 
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Figure 39. F-11 and F-12 vs o-0 at station 129, near the Faeroe Bank Channel. The density of water at the sill depth in this 
channel is o-0 - 28.073. 
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~-~ Denmark Strait Overflow 
Swift et al. (1980) discuss the Denmark Strait overflow com-
ponent and its origin in the GNS. Although NSDW is present at the sill 
of Denmark Strait, most of the northern component of the overflow must 
have a salinity lower than NSDW, to account for the salinity of overflow 
water present south of the sill. Tritium levels can be as high as four 
tritium units (TU) in this overflow water south of the sill, which is 
significantly higher than tritium levels observed in NSDW. Such high 
tritium levels are more characteristic of intermediate water found to 
the north of Denmark Strait. Swift et al. (1980) hypothesize that the 
principal component in Denmark Strait overflow is a less saline type of 
Arctic Intermediate Water (AIW), with a salinity (34.90. Some of this 
water is thought to originate in the Iceland Sea, and some to originate 
further north and be carried south into this region by the East Green-
land Current. Using volumetric analysis, Swift et al. (1980) estimate 
the amount of this less saline AIW formed annually at the sea .surface in 
the Iceland Sea. Based on production rates, and the total volume of 
this water type in the Iceland Sea, a ·residence time of about 3-4 years 
is estimated. Dissolved CFMs in this formation region should be carried 
relatively rapidly into the overflow regions. This less saline AIW com-
ponent is thought to pass through Denmark Strait relatively unchanged, 
and constitutes a significant fraction of the NWABW in the Labrador 
Basin. Due to its short residence time, this water type should respond 
quickly to changes in climatic norms, and propagate these changes into 
the deep North Atlantic through the overflow process. 
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During the Hudson 82-001 expedition, several CFM profiles (Stas. 
4 and 7) were obtained in the Iceland Sea in the region where this less 
saline component of AIW is present. At Sta. 4, the less saline AIW com-
ponent was observed at depths less than about 600 m, and at Sta. 7 at 
depths shallower than 650 m. F-11 and F-12 are plotted vs a0 for Stas. 
4 and 7 in Figs. 40 and 41. The density of Denmark Strait overflow 
water is typically in the range of 27.95-28.00 (Swift et al., 1980). At 
Sta. 4, water in this range was found at depths between 0-200 m, and at 
Sta. 7, this range encompassed water from 0-320 m. F-11 concentrations 
in this layer were >2.5 pmol/kg, while F-12 concentrations were >1 
pmol/kg. 
Thus, in both overflow areas, Denmark Strait and the Iceland-
Scotland Ridge, the CFM concentrations measured in water thought to form 
overflow are significantly higher than NSDW, indicating that a strong 
CFM signal should be carried by this overflow into the interior of the 
North Atlantic. The northern component in Denmark Strait probably con-
tains higher levels of CFM than does the northern component of overflow 
throngh the Faeroe Bank Channel. Although initially slightly more dense 
than the northern component in Denmark Strait, the Faeroe Bank Channel 
overflow undergoes more density modification by mixing with the sur-
rounding water near the sill than does Denmark Strait overflow (Swift, 
1984). As a result of this mixing, characteristics such as the density 
and dissolved 02 concentration in the Iceland-Scotland Overflow Water 
(!SOW) are rapidly altered. After passing through the Charlie-Gibbs 
Fracture Zone into the northwest Atlantic, !SOW overlays the relatively 
undiluted Denmark Strait Overflow Water (DSOW). The CFM concentrations 
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Figure 40; F-11 and F-12 vs a0 at station 4, in the Iceland Sea, a 
source region of Demark Strait overflow water. Density of 
typical Denmark Strait overflow water is a0 - 27.95-28.00. 
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Figure 41. F-11 and F-12 vs a0 at Station 7, in the Iceland Sea, a 
source region· of Denmark Strait overflow water. Density of 
typical Denmark Strait overflow water is a0 - 27.95~28.00. 
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in this dense, low temperature, high 02 DSOW should be significantly 
higher than those in the overlying ISOW. As these overflow components 
mix and form NADW, a distinct CFM signal should be carried into the deep 
North Atlantic. Such a feature has been observed as a well defined max-
imum (at -3600 m) in crossings of the Western Boundary Undercurrent in 
the western basin of the North Atlantic (Gammon and Bullister, 1982). 
f. Discussion of Results 
!.! Apparent Ages 
CFMs and other transient tracers give not. only qualitative 
information on the important regions where air-sea exchange and tran-
sport into the interior of the ocean occurs, but also quantitative 
information on the rate at which these processes occur. In the case of 
the CFM distributions observed in the GNS, model-derived mixing coeffi-
cients give an indication of the rates at which surface and deep water 
are exchanged, The reciprocals of these mixing coefficients, the 
exchange times, give the time required for a volume of water equivalent 
to the volume of the box to be exchanged with other boxes. 
Using a volumetric census, Carmack and Aagaard (1973) estimate 
the volume of deep water in the Greenland Sea to be about 1.2x106 km3 • 
From this volume, and the CFM derived mixing coefficient (~1 = 0.025 
yr-1) obtained in the box model for exchange of surface and deep water 
in the deep Greenland Sea, an average rate of formation of GSDW·of about 
lxl06 m3/sec is obtained. From their volumetric analysis, Carmack and 
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Aagaard (1973) estimate a seasonal variation of 30x103 km3 in GSDW, and, 
assuming that this increase in GSDW is balanced by a net outflow during 
summer, calculate an outflow rate of 3x106 m3/sec during this season. 
This is somewhat higher than the annual average rate of formation 
estimated using the CFM box model, and may be due to a more rapid turn-
over of the upper layer of water (the Transitional Deep Water, Carmack 
and Aagaard, (1973)) in the Greenland Sea. 
From tritium and 3He measurements, a "tritium-3He age" of a 
water mass can be calculated (Jenkins, 1980). The clock determining 
this age is set to zero at the sea surface, where the dissolved 3He is 
3 
assumed to be in equilibrium with the atmospheric He. As a water mass 
descends from the surface, the decay of the tritium increases the 3He 
concentration to levels above that due to atmospheric equilibrium. The 
excess in 3He above atmospheric levels can be compared to the remaining 
tritium, and can be used to model a "tritium-3He age" for that water 
mass. 
Similarly, a "CFM age" can be assigned to a water mass, based 
on F-11 and F-12 measurements. The equilibrium concentration of F-11 
and F-12 in surface water at time ~ is a function of the overlying 
atmospheric concentrations and of the temperature and salinity of the 
water. The atmospheric concentration of both compounds have been 
increasing monotonically since production and release began in the early 
1930's. Therefore, the surface water equilibrium concentration of both 
compounds at a particular location is a unique function of the T and S 
of the water, and of the time of equilibration. Fig. 26 shows a model 
of the surface water concentrations of F-11 and F-12 in Greenland Sea 
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surface water, based on the atmospheric input function shown in Fig. 1, 
and normalized to the 1982 surface water measurements.. If, after reach-
ing equilibrium with the atmosphere, a parcel of water is subsequently 
isolated from further exchange by sinking, and does not undergo mixing 
with water having different T, S, or CFM characteristics, then the CFM 
content of the water mass will be a function of the time (and to some 
degree, the location) when the mass was last at equilibrium with the 
atmosphere. If the location where equilibration occurred is known, 
then, using either F-11 or F-12 concentration measurements and the 
atmospheric history of the CFM, a unique date can be obtained for the 
time of isolation of the water sample, and rates of water-mass formation 
and travel times calculated. 
It is unlikely that the conditions specified above are ever even 
approximately fulfilled in the ocean. As water masses move in the inte-
rior of the ocean, they mix with surrounding water, and the initial pro-
perties of the water are altered. The extent of this mixing can often 
be studied by examining the changes in properties of the water mass. 
T-S plots have been used to show the relative proportions of the com-
ponents which mix and produce modified water masses. 
The interpretation of CFM distributions which have resulted from 
such mixing processes can be difficult. The most simple case of such 
mixing involves the dilution of water containing CFMs with water con-
taining negligible levels of these compounds. Such a situation might be 
approximated when water containing high levels of CFMs is carried away 
from high latitude formation regions into a CFM-free deep water environ-
ment by a deep boundary current. As the water moves away from the 
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origin, the CFM concentrations contained in it are lowered due to dilu-
tion with surrounding water. Although the concentrations of both com-
pounds in the tongue are changed, the F-11/F-12 ratio set at the time of 
equilibration at the surface remains constant. 
For much of the period since the initial release of these com-
pounds, the F-11/F-12 ratio has been increasing in the atmosphere (see 
Fig. 3). Since about 1975, the rate of increase of this ratio has 
slowed or halted. For the period of 1930-1975, however, the F-11/F-12 
ratio in the atmosphere, and consequently the ratio in surface seawater 
at equilibrium with the atmosphere at a specific T and S, is a unique 
function of time. Fig. 42 shows the F-11/F-12 ratio in Greenland Sea 
surface water, based on normalizing the atmospheric ratio history to the 
surface water measurements made during the Hudson 82-001 expedition in 
1982. 
An approximate "F-11/F-12 date" for the time of formation of 
a C~!-rich component diluted by CFM-free water can be determined using 
this ratio. By comparing the actual F-11 or F-12 concentrations meas-
ured to those calculated to have been present in the surface water com-
ponent at the time of equilibration, the extent of dilution with CFM 
free water can also be estimated. 
One limitation to the use of the F-11/F-12 ratio technique for 
"dating" water masses is set by the ability to measure this ratio 
accurately in areas where the absolute levels of these compounds are 
low. While the equilibrium concentrations of these compounds in-surface 
water have increased by factors of several hundred in the period 1950-
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1975, the F-11/F-12 ratio has only increased by a factor of 5 or so dur-
ing the same period. Small analytical errors or blanks in samples con-
taining low concentrations of these compounds can drastically alter the 
F-11/F-12 ratio, and consequently the "F-11/F-12 date". 
Fig. 43 shows the concentration of F-11 vs F-12 for all seawater 
samples collected during the Hudson 82-001 expedition. Most of the 
anomalous points show high F-12 levels, indicating that when contamina-
tion occurred, it affected the F-12 concentration more severely (see 
Chapter II). Fig. 44 shows the F-11/F-12 ratio vs F-11 concentration 
in all samples collected in the GNS during the Hudson 82-001 expedition. 
There is a distinct decrease in the F-11/F-12 ratio at lower F-11 con-
centrations. The F-11/F-12 ratio shows considerable scatter as the F-11 
concentration approaches zero. Assuming as a first approximation that 
lower concentrations of CFMs are present in "older water" which has 
been isolated from the atmosphere for a longer time, the trend in Fig. 
44 parallels that expected from the changes in the atmospheric F-11/F-12 
ratio with time. Fig. 45 shows the F-11/F-12 ratio vs F-11 concentra-
tion for deep samples (depth)l500 m) in two groups of stations - those 
in the center of the Greenland Sea (Stas. 14, 34, 60, 63, and 102) and 
those in the center of the Norwegian Sea (Stas. 88, 92, 113, and 116). 
NSDW shows distinctly lower F-11/F-12 ratios and F-11 concentrations, 
characteristic of water which has been more isolated from recent atmos-
pheric exchange. Fig. 46 shows F-11 vs potential temperature for all 
samples collected at depths)l500 m in the GNS. Those samples with 
salinities(34.90 (GSDW) are plotted as triangles, and those with salini-
ties)34.90 (NSDW) are plotted as circles. Most of the slightly warmer, 
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more saline samples have distinctly lower F-11 concentrations than do 
GSDW samples. In the transition region (at about -1.2°C), between the 
two water classes, GSDW has somewhat higher F-11 concentrations than 
NSDW. 
Using mixing coefficients ( 0 025 - 1 0 04 - 1 ) ~1 = • yr ' ~2 = • yr 
obtained in the box model for the GNS, the F-11/F-12 ratios in the deep 
Greenland Sea and deep Norwegian Sea boxes can be calculated as a func-
tion of time. Fig. 47. shows the calculated F-11/F-12 ratios in these 
boxes, as well as in the surface water of the Greenland Sea for the 
period 1931-1982. The "F-11/F-12 age" of water in a box at time ~ can 
be obtained by locating the time when Greenland Sea surface water had 
the same F-11/F-12 ratio as water in the box at~. For example, the F-
11/F-12 ratio in the NS box in 1982 (-1.8) was present about 18 years 
earlier (1964) in the surface water of the Greenland Sea. The "F-
11/F-12 age" of water in the GS box in 1982, obtained in a similar 
manner, is -11 years. The "F-11/F-12 ages" in the deep NS box are 
greater than those of the GS box, reflecting the greater isolation of 
the NS box from recent air-sea gas exchange. 
The "F-11/F-12 age" for water in the deep GS box is lower than 
the exchange time (1/~ = 40 years) calculated between the surface and 
deep Greenland Sea box. The smaller "F-11/F-12 age" is due to the 
strong influence of the annual admixture of modern, high F-11 and F-12 
concentration GS surface water on the F-11/F-12 ratios in the deep boxes 
in this model. Mixing in the box model produces F-11/F-12 ratios in the 
deep boxes that do not track the surface ratio in a linear fashion. The 
F-11/F-12 age of water in the boxes is not constant, but is a function 
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156 
of the box model parameters, and of the characteristics of the CFM input 
functions. 
i·1 Oxygen Consumption Rates 
Fig. 48 shows the relationship between F-11 and dissolved 02 in 
deep samples from stations in the Greenland and Norwegian seas (see 
Figs. 23 and 24 for comparisons of vertical profiles of 02 concentra-
tions and % 02 saturation at stations in the Greenland and Norwegian 
Seas). High F-11 levels in deep water in this region are clearly asso-
ciated with high dissolved 02 concentrations. The lower 02 and F-11 
concentrations in NSDW can be attributed to the greater isolation of 
this water mass from recent air-sea gas exchange. 02 is not a transient 
tracer, because its concentration in the atmosphere is essentially con-
stant with time. In contrast to CFMs, 02 is non-conservative in the 
oceans, and its concentration is significantly influenced by a number of 
biological processes. The 02 distributions observed in the Greenland 
and Norwegian seas can be used, together with the box model exchange 
coefficients derived using CFMs, to estimate the consumption rates for 
157 
1.2----~~,---~~----~~----~~----~~--~ 
1.0 f- -
/::,. 
,--...., ~ /::,./::,. O"l 0.8 '"-.Y. /::,. /::,. fu. ~ -"-.,._ 
0 A ~ E 0.. 0.6 - -
'--../ 
..---
/::,./::,. 
..---
/::,. 
I 0.4 - -
LL 
0.2 '"- 00 GSDW 6 ts:o NSDW o I I~ 0 I I I I 
300 310 320 
, 
Oxygen (umole/kg) 
Figure 48. F-11 vs 0 2 in deep samples (depth)1500m) in GS Stations (triangles) and NS Stations (circles). Concentration of 
dissolved 0 2 and F-11 in NSDW samples are lower than in GSDW samples, indicating greater isolation from recent 
air-sea gas exchange. 
158 
02 in the deep water of this region. For a non-conservative tracer in 
the GNS, the vertical mixing between the surface layer and a deep box 
and lateral exchange between two deep boxes can be expressed as: 
dS, = 
dt 
in which eS, eG, and eN are the o2 concentrations in convecting Green-
land Sea surface water, Greenland Sea Deep Water, and Norwegian Sea Deep 
Water, respectively; ~1 is the exchange coefficient between surface and 
deep water in the Greenland Sea; ~2 is the lateral exchange coefficient 
between the deep waters of the Greenland and Norwegian seas; and JG and 
JN are oxygen utilization rates (OUR) in the Greenland and Norwegian 
deep boxes. In this model, the dissolved oxygen distributions is 
assumed to be in steady state, i.e. eS' eG' and eN are constant with 
time, deG/dt and deN/dt are assumed to be zero. 
The average concentration of 02 at the stations shown in Fig. 48 
is -317 ~ol/kg for GSDW and -302 ~ol/kg for NSDW. At Sta. 60 during 
the Hudson 82-001 expedition, surface dissolved 0 2 was -348 ~ol/kg, 
which was typical of near surface 02 concentrations in the Greenland Sea 
at this time. Solving the above equations (using eFM-derived mixing 
coefficients ~1 = 0.025 and ~2 = 0.04) yields: 
-1 -1 
= 0.180 ~mol kg yr 
-1 
= 0.600 ~mol kg -1 yr 
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The measured surface-water concentration of 02 at Sta, 60 was 
significantly lower than the equilibrium concentration (-368 ~mol/kg) at 
the temperature and salinity of the surface water (Weiss, 1970). Using 
this equilibrium 02 concentration for CS yields: 
-1 
= 0.675 ~ol kg -1 yr 
-1 -1 JN = 0.600 ~ol kg yr 
The OUR for the GS deep box is very sensitive to the surface concentra-
tion of 02 (CS) assumed for the GS surface water undergoing deep convec-
tive mixing. 
These deep water OUR values are quite low compared to the OUR 
values of -8 ~mol kg-1 yr-1 calculated by Jenkins (1982) for depths of 
200-400 m in the North Atlantic Subtropical Gyre using tritium-3He dat-
ing techniques. The GNS deep water OUR values are, however, consistent 
with deep water rates in the Atlantic Subtropical Gyre extrapolated from 
Jenkins' upper layer measurements. 
Carmack and Aagaard (1973) discuss the o2 distribution in the 
Greenland Sea in relation to their proposed mechanism of deep-water for-
mation by the process of double diffusion. By assuming that the system 
is at steady state, that the deeply convecting water has an 02 content 
in equilibrium with the atmosphere, and that the rate of o2 consumption 
is 0.06 ~ol kg-1 yr-1 (Wright, 1969), they calculate a renewal rate for 
deep Greenland Sea Water that is significantly lower than that obtained 
from their volumetric census, Carmack and Aagaard (1973) argue-that the 
02 concentration in water replenishing the deep water is initially at 
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equilibrium at the temperature and salinity of the parent North Atlantic 
Water, but through cooling becomes undersaturated. 
The process of deep water formation in this region may produce 
water masses whose CFM and 02 concentrations are not at equilibrium with 
the overlying atmosphere at the T and S of the water mass. The rate of 
deep convective mixing may be too rapid to allow air-sea gas exchange to 
maintain the surface layer in equilibrium with the atmosphere. Rapid 
surface cooling without the corresponding re-equilibration of the dis-
solved gases at the new temperature may result in undersaturations in 
newly formed deep water. Cooling of a sub-surface layer by a double 
diffusive process may also produce a deep water mass whose dissolved gas 
concentrations are not at equilibrium with the atmosphere. Under condi-
tions of ice cover, where gas exchange is severely restricted, the mix-
ing of deep water into the near-surface layer may produce a significant 
undersaturation of dissolved gases (including CFMs) in this region. 
Under such circumstances, the apparent oxygen utilization (AOU), a meas-
ure of the difference between the equilibrium 02 concentration predicted 
from the T and S of the water mass, and the actual concentration, does 
not properly reflect the fact that surface waters contributing to deep 
water formation in this region may be initially markedly undersaturated 
in 02 • 
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i. Summary and Future !ark 
In this study, a number of improvements have been made in the 
analytical techniques available for measuring the dissolved concentra-
tions of F-11 and F-12 in seawater. These improvements have increased. 
the accuracy of the measurements, and extended the range over which 
these compounds can be used as tracers in the ocean. The most recent 
version of the CFM analytical system has a limit of detection for F-11 
and F-12 in seawater samples of -o.005 pmol/kg, which is a factor of 
about 800 (for F-11) and 400 (for F-12) lower than the concentrations of 
these compounds found in modern cold (-Q 0 ) surface seawater. The 
dynamic range for these CFM measurements in seawater is comparable to or 
greater than that presently attainable for other tracers used on a simi-
lar decadal time scale such as 3n or 85Kr, and measurements can be made 
more rapidly and at sea. 
A gas blending system was designed and constructed which allows 
the accurate preparation of CFM (and other gas) standards at concentra-
tions as low as the ppt level. Comparison of C02 standards (at ppm lev-
els) prepared using this system with standards used by C. D. Keeling at 
SIO indicate agreement of the two calibration scales to within 
expected sample handling errors. Based on intercomparisons of the con-
centrations in F-11 and F-12 in several standards prepared at ppt levels 
using this blending system, the accuracies of the resulting calibration 
scales are about 1.5% for F-11 and 0.5% for F-12, with further improve-
ments in the standard preparation possible. Intercomparisons of F-11 
and F-12 standards prepared on this system with standards used by the 
ALE program agree to within expected errors, and thus support the 
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accuracy of the ALE atmospheric measurements. 
Measurements of the CFM distribution in the Greenland and 
Norwegian Seas were combined with the modeled atmospheric input func-
tions for these compounds to construct box models to estimate the rates 
of deep water formation and exchange in this region. The box model 
exchange coefficients obtained using CFMs were compared with those 
derived by Peterson and Rooth (1976) using tritium. The Greenland Sea 
vertical exchange coefficients derived using F-11, F-12 and tritium are 
in good agreement. The exchange coefficients for lateral exchange 
between the deep Greenland Sea box and the deep Norwegian Sea box 
derived using F-11 and F-12 data are in poorer agreement, which may be 
due to the difficulty of accurately measuring the low concentrations of 
these componnds (especially F-12) in the deep Norwegian Sea with the 
techniques available during the Hudson 82-001 expedition. The best 
estimate of the lateral exchange coefficient between water in the two 
deep basins, using 1982 CFM data, is significantly lower than that 
obtained by Peterson and Rooth (1976) using 1973 tritium measurements, 
but is in reasonably good agreement with the more recent tritium distri-
butions observed in this region. More CFM (and other tracer) studies 
are needed in the GNS to determine if the model assumptions and exchange 
coefficients obtained from these models are appropriate to the actual 
deep water formation and exchange processes. 
Two models of GSDW formation were compared, one which assumes 
GSDW formation at the surface in wintertime, and one proposed by Carmack 
and Aagaard (1973) in which GSDW forms by the wintertime modification of 
a warm, saline subsurface· layer in the GS by the process of double 
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diffusion. From measurements made in the GNS in Feb-Mar 1982, separate 
estimates were made of the CFM concentration (C8 ) in newly forming GSDW 
for the two deep water formation models. The box model exchange coeffi-
cients derived using the c8 values obtained in the double diffusion 
model of deep water formation do not differ greatly from those obtained 
using the c8 of the surface formation model. For tracers such as F-11 
and F-12, where the atmospheric concentrations have been increasing 
rapidly and a large difference exists between the surface and deep water 
concentrations, the box models used in this study are not very sensitive 
to small differences in the concentrations assumed for the newly formed 
GSDW. More data are needed, to determine both the importance of double 
diffusion in the formation of GSDW and the distribution of CFM in such a 
subsurface layer as it undergoes transformation to new GSDW. 
CFM-derived exchange coefficients were used to estimate 02 util-
ization rates in the deep water of the GS and NS. Due to the small 
differences between the 02 concentrations in the surface and deep boxes, 
the 02 utilization rates obtained are very sensitive to the 02 concen-
trations assumed for the newly formed GSDW. 
F-11/F-12 ratios can give useful information on the isolation of 
water masses from recent air-sea gas exchange. The F-11 and F-12 con-
centrations and F-11/F-12 ratios observed in NSDW indicate that this 
water mass is more isolated from recent air-sea gas exchange than is 
GSDW. The use of F-11/F-12 ratios to calculate "F-11/F-12 ages" of 
water masses are unsuitable for modeling deep convective mixing and must 
be approached with caution. The differences between "F-11/F-12 ages" 
and exchange times in the GNS box model demonstrate the importance of 
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carefully considering the model's assumptions and their influence on the 
"ages" derived for the water masses. 
CFM measurements made in the GNS can be used to estimate the CFM 
concentrations in the northern component of water spilling over the 
sills between Greenland and Scotland. This overflow, entrainment of 
surrounding water, and subsequent mixing, lead to the formation of NADW. 
Recent measurements of CFMs in a deep western boundary current in the 
western basin of the North Atlantic (Gammon and Bullister, 1982) confirm 
the presence of a distinct CFM maximum in near-bottom overflow water. 
To determine the CFM properties of the components forming NADW, and to 
estimate the flux of these compounds into the North Atlantic, further 
measurements should be made at appropriate locations along the flow 
pathways. Measurements of CFM in overflowing water, in the North Atlan-
tic water entrained by this overflow, and in the resulting water masses 
will increase our understanding of the rates and pathways by which NADW 
is formed and transported into the interior of the Atlantic. 
Further CFM studies in the GNS using recent improvements in 
analytical techniques would allow CFM distributions to be determined in 
greater detail, and perhaps improve our understanding of the seasonal 
and episodic processes which contribute to the observed distributions. 
Studies in this region during periods of deep convective mixing would be 
especially valuable, and would allow the initial concentrations of CFMs 
in newly formed GSDW to be determined directly. A comparison of the 
degree of CFM equilibrium to the 02 saturation levels in water undergo-
ing deep convective mixing would also be valuable in refining estimates 
of OUR in deep water. 
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CFM studies should also prove valuable in other regions of deep 
and intermediate water formation and exchange in marginal seas, such as 
the Arctic Ocean, the Mediterranean, and the Red Sea. Due to their 
relatively uniform distributions in both.hemispheres, CFMs should be 
especially useful as tracers in the Southern Ocean, and give valuable 
information in the study of deep water formation in such areas as the 
Weddell Sea. 
The tritium signal has been rapidly fading in the environment, 
due to its short half life and to the cessation of most nuclear weapons 
testing programs in the atmosphere. In contrast, the F-11 and F-12 con-
centrations in the atmosphere continue to rise, although not at the same 
exponential rates which occurred prior to the mid-1970's. It is likely 
that, in the future, CFM concentrations in the atmosphere will continue 
to increase as these compounds are produced and released into the atmo-
sphere. Even if F-11 and F-12 release into the atmosphere were to be 
halted immediately, the long residence times of these compounds in the 
atmosphere assures that these compounds will continue to be present in 
the atmosphere and the ocean for many hundreds of years. The gradual 
transfer of these compounds throughout the deep ocean basins should pro-
vide a very useful signal far into the future. 
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